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ABSTRACT 
 
The gasification of biomass produces tars and particulates. These tars and particulates 
create problems in the gasification systems. Tars condense on surfaces at lower temperatures, 
such as exit pipes and on particulate filters, leading to blockages and clogged filters. Tars also 
have varied impacts on other downstream processes. Due to these reasons, syngas containing 
significant concentrations of tars cannot be used in internal combustion engines. Thus the 
processes through which tars can be removed have been subject to considerable research. The 
objective of this research was to identify the best catalyst for for down-draft gasifiers, including 
the LSU AgCenter down-draft gasifier developed by Dr. Chandra Theegala. 
An experimental setup was designed and built to help test catalysts with tars that were 
similar to the ones produced by the gasifier. The experimental setup was used to substitute the 
gasifier for the purpose of this study. The three catalysts tested using the experimental setup were, 
Alumina extrudates, Dolomite and Olivine. The Albemarle alumina extrudes were a proprietary 
catalyst provided by the Albemarle Corporation for experimental purposes only. ASTM 8 x 10 
crystals of Dolomite from Imerys, GA was used as the Dolomite catalyst. Thermtec brand 
Olivine of ASTM grade 4 x 16 was obtained from Unimin Corporation, PA to be used as the 
Olivine catalyst. In addition, experimental runs using Silica microcrystals, supplied by Unimin 
Corporation, Tuscaloosa, AL, were used as a control set.  
Temperature, Flow rate, and Life profiles of all four samples were generated using the 
setup and compared. The Albemarle catalyst was tested between 300 – 500 ºC and 1 – 5 SCFH. 
Dolomite, Olivine and Silica were tested between 400 - 800 ºC and 1 – 5 SCFH. Both the 
Dolomite and Olivine catalysts performed well. Under optimum conditions, at 800 ºC and 1 
SCFH, the Dolomite catalyst removed 92% (+/- 3%) of all tars. The Olivine catalyst also 
 xi 
 
achieved optimum performance at 800 ºC and 1 SCFH, removing approximately 89% (+/- 4%) 
of all tars. Both values were inclusive of the correction factor. In comparison, the Albemarle 
catalyst peaked at approximately 71%, but at a significantly lower temperature of 400 ºC. Silica 
in comparison had a peak tar cracking effectiveness of only 66%, at 800 ºC. All three catalysts 
had similar life run profiles with stable plots and no particular negative trends. 
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CHAPTER 1: INTRODUCTION 
1.1 Introduction 
Rising awareness about the effects of global warming, climate change and health effects 
of pollution caused by burning fossil fuels has resulted in significant research in the field of 
Biofuels. Uhlenbrook (2007) defines biofuels as fuels with a minimum of 80% content by 
volume of materials derived from living organisms, harvested within 10 years of its manufacture. 
Rogner and Popescu (2000) state in the World Energy Assessment report that 80% of the world‟s 
primary energy consumption is contributed by fossil fuel, 14% by renewable (out of which 
biomass contributes around 9.5%). 
Biomass gasification is one of the technologies that can be utilized to convert biomass 
into energy. Biomass Gasification technologies have existed since early 20
th
 century. However, 
the removal of tars from the syngas has always been the major shortfall of the process. 
Bridgwater (1995) defines gasification as partial oxidation of carbonaceous feedstocks at 
elevated temperature to produce an energy carrier. Biomass gasification produces a gas 
containing CO, CO2, H2, CH4, trace amounts of higher hydrocarbons such as ethane and ethene, 
H2O and N2 (for air gasification) according to Devi (2005).  
The contribution of energy derived from biomass to the global energy demand can be 
increased in the future. According to Hoogwijk and co-workers (2005), the theoretical potential 
of energy derived from biomass on the total terrestrial surface is about 3500 EJ/year. Around 28 
EJ/year of this total global potential, based on a medium demand scenario, can be contributed by 
logging and processing residues as estimated by Smeets (2007). Biomass gasification can utilize 
this source of logging and processing residues and wastes as feedstock. There is therefore a large 
potential for growth in the area of biomass gasification and also an availability of large amounts 
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of feedstock to support the biomass gasification industry. 
1.2 Gas Cleaning Requirements 
Though there is huge scope for biomass gasification in the United States of America, 
there are significant problems in the process. One of which are tars that are produced during the 
gasification process. Tars are problematic in biomass gasification systems for a number of 
reasons. Tars can condense in exit pipes and on particulate filters leading to blockages and 
clogged filters. Tars also have varied impacts on other downstream processes. Tars can be 
considered as the Achilles heel of biomass gasification as tars are the major technical obstacles 
in the implementation of this technology. According to Bergman and co-workers (2002), 
condensing tars dramatically foul gas-cleaning equipment, and liquid tar droplets that enter 
prime movers hamper the operation of these end-use applications of the biosyngas. Syngas 
containing large concentrations of tars cannot be used in engines, turbines etc. The Table 1.1 
gives us the gas cleaning requirements for power generation with respect to tars. 
Table 1.1: Gas cleaning requirements for various applications (P. Hasler et al,1999) 
 IC engine Gas Turbine 
Particles (mg/Nm
3
) < 50 < 30 
Particle size (µm) < 10 < 5 
Tar (mg/Nm
3
) < 100  
Alkali metals (mg/Nm
3
)  0.24 
 
A catalyst that can remove at least 90% of all tars (by mass) that were fed to it was set as 
a target for this research. Such removal efficiencies are anticipated to help in treating the syngas 
and bringing its tar content to levels that are acceptable in internal combustion engines. 
The catalysts used in this study were 
1. Proprietary Alumina extrudates from Albemarle Corporation 
2. Dolomite, CaMg(CO3)2 
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3. Olivine, (Mg, Fe)2SiO4) 
Silica aggregate crystals were used as a control setup to help compare with the tar 
cracking effectiveness of the catalysts being studied.  
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CHAPTER 2:  LITERATURE REVIEW 
2.1 Defining Tar 
According to Devi and co-workers (2003) tar is a complex mixture of condensable 
hydrocarbons, which includes single ring to 5-ring aromatic compounds along with other 
oxygen-containing hydrocarbons and complex PAH. The composition and characteristics of tar 
varies widely from gasifier to gasifier based on operating conditions, design parameters, 
feedstock and other factors and must be measured under steady-state operating conditions. 
Graham and Bain (1993) and Neeft and co-workers (1999) compared the particulate and 
tar loadings across different types of gasifiers shown in Table 2.1. The values themselves may 
not be representative of all gasifiers in a particular class since they were collected from specific 
gasifiers and might vary across gasifiers as discussed previously. 
Table 2.1: Comparison of measured particulate and tar levels from different biomass gasifier 
designs. Rep. Range: Representative range (Graham and Bain, 1993; Neeft, et al, 1999)  
Gasifier Type  Particle Loading (g/Nm
3
) Tar Loading(g/Nm
3
) 
 Low High Rep. Range Min Max Rep. Range 
Fixed Bed       
    Downdraft 0.01 10 0.1 – 0.2 0.04 6.0 0.1 – 1.2 
    Updraft 0.1 3 0.1 – 1.0 1 150 20 – 100 
Moving Bed       
    Fluidized Bed 1 100 2 – 20 <0.1 23 1 – 15 
    Circulating  Fluidized Bed 8 100 10 - 35 <1 30 1 – 15 
 
Baker and co-workers (1986) proposed that the species of tar formed due to pyrolysis 
vary with increasing temperature from 450 ºC to 905 ºC (Figure 2.1). 
450 ºC 
 
Mixed 
Oxygenates 
500 
 
Phenolic 
Ethers 
500 
 
Alkyl Ethers 
500 
 
Heterocyclic 
Ethers 
500 
 
Poly 
Aromatic 
Hydrocarbons 
   950 
0
C 
 
Larger 
PAHs 
Figure 2.1: Variation in Tar species with the temperature rising from about 450 °C on the left to 
about 950 °C on the right (Baker and co-workers, 1986) 
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It is difficult to find a singular composition for tar hence it is defined differently by 
various research groups. In the EU/IEA/US-DOE meeting held in 1998 on tar measurement 
protocols in Brussels, it was decided to define tar as all organic contaminants with a molecular 
weight larger than benzene. 
2.2 Tar Removal Processes 
Various methods have been employed to remove or to reduce the formation of tars. The 
processes can be classified into primary and secondary tar removal processes. Primary processes 
work within the gasifier and help remove the tars whereas secondary processes work 
downstream from the gasifier and treat the gas to remove the tars. 
2.2.1 Primary Processes 
Primary processes reduce or remove tar formation within the gasification chamber. In an 
ideal case such a process would not require any downstream processing to remove tars and the 
syngas should be fit to use after cleaning out particulates, alkalis etc fouling agents. Figure 2.2 
provides the outline for a primary tar removal process. The gasification chamber produces the 
syngas and also removes the tars. The tar free syngas is cleaned downstream to remove any 
particulates and N, S or halogen compounds.  
According to Devi and co-workers (2003) tar formation can be reduced in the gasification 
step itself by acting on three basic fronts. 
 Proper selection of the operating conditions 
 Use of a proper bed additives or a catalyst during gasification 
 Proper gasifier design 
These methods of primary processes for tar removal are discussed in further details in the 
following sections. 
 6 
 
 
Figure 2.2: Tar reduction concept by primary methods (Devi et. al, 2003) 
2.2.1.1 Operating Conditions 
Gasification as a process is extremely dependent on the conditions under which the 
gasifier is operated. Gasifier performances and thus tar loadings vary widely dependent upon the 
temperature, airflow, feedstock, pressure, catalysts, equivalence ratio etc. factors. According to 
Kurkela and Stahlberg (1992) and Narváez and co-workers (1996) several researchers have 
studied these factors and have come up with various conclusions. 
According to Baker and co-workers (1986) operating temperatures have an immense 
effect upon the formation and the composition of tars as seen previously in Figure 2.1. Kinoshita 
and co-workers (1994) also reported the variance of tar species reduced with increase in 
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temperature. Higher temperatures have been reported to reduce the formation of total tars as well 
as increase gasification. By changing the bed temperature of the bubbling fIuidized bed from 700 
ºC to 850 ºC, Narváez and co-workers (1996) observed increases in H2 content from 5 to 10 
vol. %and CO content from 12 to 18 vol. %, with a slight decrease in CO2 content from 16 to 13 
vol. % and almost no change in the amount of CH4 and C2H2. They observed a drastic decrease 
in tar content (about 74% less); the tar amounts being 19 g m
−3
 at 700 ºC and 5 g m
−3
 at 800 ºC. 
Yu and co-workers (1997) performed pyrolysis experiments of birch wood in a free-fall 
reactor to observe the temperature effect on the process and found that an increasing temperature 
promotes the formation of gaseous products at the expense of total tar. More than 40% reduction 
in tar yield was reported when the temperature was raised from 700 ºC to 900 ºC. With increase 
in temperature, the amount of total oxygen-containing components drastically goes down, the 
amount of substituted 1-ring and 2-ring aromatics also decrease, but formation of 3- and 4-ring 
aromatics increases rapidly. Almost 40% increase in naphthalene content was reported at 900 ºC. 
Similar results were reported by Brage and co-workers (2000) for gasification of birch wood. 
Multiple researchers have studied the effects of pressure on the production of tars and 
syngas in gasifiers. Knight (2000) using Wisconsin whole tree chips observed almost complete 
elimination of phenols when the pressure was increased to 21.4 bar but with an increase in 
fraction of PAH increased with increasing pressure. 
According to Kinoshita and co-workers (1994) residence time has little influence on the 
tar yield, but it significantly influences the tar composition. Amounts of O2-containing 
compounds tend to decrease with increasing residence time. Yields of 1- and 2-ring compounds 
(except benzene and naphthalene) decrease whereas that of 3- and 4-ring compounds increases in 
the total tar fraction.  
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2.2.1.2 Bed Additives and Catalysts 
Using catalysts in the gasification step itself helps remove the requirement for separate 
secondary tar removal processes by promoting specific chemical reactions within the gasifier that 
help reduce or eliminate tar formation. Since this has not been practiced as widely as 
downstream catalytic cracking there is scope for more research on it. However this study is 
concerned with the application of downstream catalytic processes and hence the discussions on 
use of catalysts in the gasification step will be limited to this section. 
Limestone was one of the first additives used in the gasifier to improve the gasification. 
Walawender and co-workers (1985) performed a series of experiments using limestone as bed 
additive in a fluidized bed gasifier. They used a mixture of 25 wt. % limestone and 75 wt. % 
silica sand as a bed material for steam gasification of alpha cellulose with an intention of 
predicting the behavior of the gasifier with increase in temperature. The researchers also applied 
the same mixture of bed material for steam gasification of manure. Although no attempt was 
made to observe the tar formation, the authors reported that the gas composition, heating value 
and yield were all influenced by the presence of 25 wt. % limestone in the bed. As a result of 
their previous work Walawender and co-workers (1981) reported that the addition of limestone 
to the bed of silica sand could prevent agglomeration of the bed. 
Among all the active materials, dolomite is the most popular and mostly studied in-bed 
additive. A lot of research has been done using this catalyst with regard to tar cracking in bed as 
well as in a secondary reactor. Karlsson and co-workers (1994) reported the successful 
demonstration of biomass IGCC process (VEGA Gasification with combined cycle) which 
involved dolomite as bed material. The tar content observed was about 1 – 2 g m−3 of light tars 
(excluding benzene) and 100 – 300 mg m−3 of heavy tars. Rapagna and co-workers (1998) also 
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mentioned the use of calcined dolomite directly in the gasifier and observed improvements in the 
gas yield. Corella and co-workers (1988) reported that the use of calcined dolomite inside the 
gasifier could decrease the tar amount from 6.5 (without dolomite) to 1.3 wt. %.
 
Narváez and co-workers (1996) suggested that addition of calcined dolomite (1–5 wt% of 
the biomass feed) improves the quality of the product gas. Their experiments resulted in a tar 
reduction of about 40% with addition of 3% calcined dolomite to biomass feed. A 10 wt. % of 
calcined dolomite is reported to be sufficient by Olivares and co-workers (1997) for significant 
improvement of the gas quality as well as tar reduction. The elimination of tar over calcined 
dolomite is mostly due to steam and dry reforming reactions. 
Nickel offers better results according to many researchers but nickel also deactivates very 
quickly. Bilbao and co-workers (1998) observed that addition of 50 wt. % of the Ni–Al catalyst 
to bed material (sand), increases hydrogen production up to 62% with considerable decrease in 
the methane content. The major problem with Ni-based catalysts is fast deactivation due to 
carbon deposition on the catalyst and poisoning due to the presence of H2S. 
2.2.1.3 Gasifier Design  
Low and medium-energy gasifiers have been built and operated using a wide variety of 
configurations including: 
• Updraft or downdraft fixed beds 
• Moving fluidized beds  
• Others including moving grate beds and molten salt reactors 
Selection of a particular reactor design will directly influence the characteristics of the 
raw product gas including its temperature and the amounts of tars and particulates present. As a 
result, it is essential to carefully select gasifier designs that will match product characteristics 
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with end-uses. To date, most gasifiers have been designed with either fixed bed or fluidized bed 
technologies, although a variety of other designs have been proposed and tested. The influences 
of various gasifier types on the product composition are summarized previously in Table 2.1. 
Injection of a secondary airflow has proved to be very effective in reducing the formation 
of tar. Pan and co-workers (1999) injected secondary air just above the biomass feeding point in 
the fluidized bed. They reported that an optimal secondary to primary air ratio of about 20% is 
sufficient to reduce 89 wt. % of the total tar for a gasification temperature range of 840 – 880 ºC. 
Two-stage gasifier designs have been reported to be very effective in producing clean gas. 
The basic concept of this design is to separate the pyrolysis zone from the reduction zone. A two-
stage gasifier is equivalent to two single-stage gasifiers in series, where the tars formed during 
pyrolysis (first stage) are decomposed in the reduction zone (second stage). Bui and co-workers 
(1994) reported that a two-stage gasifier at the Asian Institute of Technology (AIT) produced gas 
of tar content about 50 mg m
−3
, about 40 times less than a single-stage reactor under similar 
operating conditions. This concept involves two levels of air intakes. The high temperature 
achieved in the second zone due to the addition of a secondary air helps in reducing the tar level 
to a considerably lower value. 
2.2.2 Secondary Processes 
Secondary processes involve separate downstream processes (Figure 2.3) to remove tars 
from the syngas produced. These processes are usually expensive and involve an additional 
expenditure of energy in some form to undertake the removal of the tar. But they have proved 
very effective in cleaning the gas to acceptable levels and thus have been the subject of a lot of 
research. 
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Figure 2.3: Tar reduction concept by secondary methods (Devi et al, 2003) 
Secondary tar removal processes can be categorized into the following: 
 Physical removal of Tars 
 Thermal conversion of Tars  
 Catalytic removal of Tars  
Figure 2.4 shows the many different tar removal technologies that are currently available. 
All have been used with varied levels of success. Sometimes multiple methods are combined to 
give the particular system the desired performance. It must be remembered that all gasification 
units are unique and require specific solutions to give the best results. 
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Figure 2.4: Gas Cleaning Technologies (T.A. Milne and R.J. Evans, 1998) 
2.2.2.1 Physical Tar Removal 
According to Basu (2010) physical tar removal is similar to removal of particles from gas. 
It requires the tar to be condensed before separation. Basu (2010) also states that the energy 
content of the tars is lost in such a process and it remains in the gas as mists or drops on 
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suspended particles. Physical processes for removal of tars can are categorized into Wet and Dry 
tar removal technologies. 
2.2.2.1.1 Wet Tar Removal Technologies 
Wet and wet-dry gas cleaning cycles remove tar using physical methods: Gaseous tar 
condensation, gas/liquid mixtures separations, and droplet filtration. The specific energy 
consumption of wet gas cleaning systems is indirectly proportional to the particle diameter 
according to Hasler (1997). The separation of small particles requires high specific energy inputs 
in the form of pressure drop over the system. 
Cooling/scrubbing towers are usually used after cyclones as the first wet scrubbing units. 
All “heavy tar” components condense there. However, “tar” droplets and gas/liquid mists are 
entrained by the gas flow, thus rendering the “tar” removal rather inefficient. Venturi scrubbers 
are usually the next step. Hasler (1997) report that in venturi scrubbers, typically 2 kWh/1,000 
m
3
 is consumed, and causes a pressure drop of approximately 7,000 Pa. 
Tar separation efficiencies have been reported ranging from 51% to 91% in a venturi 
scrubber used to purify the producer gas from a counter current rice husk gasifier by Hasler 
(1997). 
Demisters have also been used to clean syngas. Demisters are centrifugal flow units 
designed to coalesce mist droplets from their gas flow. They resemble cyclones and hydro-
cyclones and are usually used as a secondary stage in conjunction with classical wet scrubbing 
units. Their design depends on mist liquid phase properties and gas flow load. Abatzoglou and 
co-workers (1997) have reported on the operation of such demisters. Tar and water are largely 
removed from producer gas at the exit of the second stage venturi scrubber. Wastewater 
containing tar is settled out for insoluble tar skimming, then recycled back to the scrubbing loop. 
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Granular filters can be used for cold and hot gas filtration. Inorganic beds, usually 
consisting of silica or alumina sand, are used as impact or surface filtration media. Static and 
mobile granular bed configurations have been used or are under development. When hot 
filtration is used, the filter operates usually at temperatures higher than 500 °C so that only 
particulates are removed while tar remains in the gas phase. 
Sharan and co-workers (1997), as reported by Hasler and co-workers (1997) state: “With 
native wood, the particle separation efficiency has been found to be 80% to 95% w/w whereas 
the „tar‟ separation efficiency is 60% to 95% w/w. The phenols could be reduced by 95%. This 
deep-bed filtration mechanism is essentially based on the impact separation phenomenon which 
is enhanced by the sticky „tar‟ simultaneous removal.” 
Electrostatic precipitators (ESPs) are widely used to remove fine solids and liquid 
droplets from gas streams. Although effective with liquid droplets, they prove inefficient when 
tar is in the gaseous phase. This means that, when the target is the tar removal, high-temperature 
operation should be avoided. In such a case gas should be quenched before ESP use. The 
operation of an ESP is based on the passage of the gas stream through a high-voltage, negatively 
charged, area. Particles are thus charged and led to a collection area where opposite charge plates 
remove them from the stream. Very high, as well as very low, conductivities are detrimental to 
ESP operation. An appropriate balance is required for efficient operation. This means that the 
nature of tar can influence considerably the design of an ESP. 
2.2.2.1.2 Dry Tar Removal Technologies 
Fabric, ceramic, and metallic filters can remove near-dry condensable tar particles from 
gasifier gas. They are based on the principle that liquid tar condensing at a relatively high 
temperature will rapidly react to form solid species behaving as particulates rather than tar. But 
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such technologies are not popular because they will only be partially effective at temperature 
higher than 150 ºC. At these temperatures a significant amount of tar may remain at the gas 
phase and pass through the filter without being retained. If a near liquid layer is formed on the 
surface of the filtering material, its stickiness will cause considerable mechanical problems and 
frequent failures. Both operating and capital costs of such a system are very high according to 
Milne and R.J. Evans (1998). 
However some researchers have proposed using activated carbon. According to Hasler 
and co-workers (1997) charcoal or activated carbon are thermally stable up to 300 ºC. Since 
conventional fabric filters are expected to exhibit limited tar separation efficiency, an activated 
carbon filter can be installed after a fabric filter unit to remove high boiling hydrocarbons and 
possibly phenols. The filter is preferably made as a fixed bed with granular charcoal or activated 
carbon. The temperature should be as low as possible (e.g. 120 ºC), but above the gas dew point. 
The tar laden activated carbon can be recycled in the gasifier as an extra feedstock. 
2.2.2.2 Thermal Tar Removal 
Extremely high temperatures are an effective method for breaking down larger tar 
molecules into smaller naphthalene, benzene and other lighter species, which can be removed 
from the gas easily. For thermal cracking of tars, it is suggested that temperatures exceed 
1000 °C in order to reduce tars effectively. 
Results for the kinetics of thermal conversion of naphthalene, toluene, and benzene, in 
the presence of hydrogen and steam, are given by Jess (1996). Order of reactivity is toluene 
greater than naphthalene greater than benzene. Besides organic gaseous products such as 
methane and ethylene, condensed products and soot are formed, principally from naphthalene. 
Kurkela and co-workers (1989) reported that in the pressurized, fluid-bed gasification of 
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peat, freeboard temperatures of 830 – 870 ºC seem to be high enough to crack the heavy tars to 
benzene, naphthalene and other light components, which should not be detrimental to high-
temperature gas filtration. 
2.2.2.3 Catalytic Tar Removal 
This is the single most widely used method of tar removal at present due to the 
effectiveness of these methods in reduction of high molecular weight tar species and also due to 
the multitude of catalysts available for this application. The major disadvantage of this process is 
the requirement for additional energy, the economic viability of the process and the deactivation 
of catalysts due to fouling agents in the gas. The Tar decomposition occurs mainly due to the 
following reactions. 
Cracking                          pC𝑛 H𝑥 → qCm H𝑦 + rH2 
Steam reforming             C𝑛 H𝑥 + nH2O → (n +  
x
2 )H2 + nCO 
Dry reforming                 C𝑛 H𝑥 + nCO2 → (
x
2 )H2 + 2nCO  
Carbon formation           C𝑛 H𝑥 → nC +
x
2 H2 
CnHx represents tar and CmHy represents hydrocarbon with smaller carbon number than 
CnHx. 
Dolomite, a magnesium ore with the general formula MgCO3.CaCO3 is one of the most 
commonly used catalysts. It may be used as a primary catalyst, dry-mixed with the biomass or, 
more commonly, in a downstream reactor, in which case it is often referred to as a guard bed. 
The chemical composition of dolomite varies from source to source but it generally contains 30 
wt.% CaO, 21 wt.% MgO and 45 wt.% CO2; it also contains the trace minerals SiO2, Fe2O3 and 
Al2O3. The surface areas of the various types also differ, as do the pore sizes and distributions 
according to Sutton and co-workers (2001). 
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Orίo and co-workers investigated four different dolomites (from Norte, Chilches, Malaga 
and Sevilla) for oxygen/steam gasification of wood in a downstream catalytic reactor. The main 
chemical difference between the various samples was the Fe2O3 content: the Malaga and Sevilla 
dolomites had low levels of Fe2O3 compared to those from Norte and Chilches. These samples 
were tested as catalysts at varying steam carbon ratios and temperatures ranging from 805 to 875 
ºC. Tar conversion was of the order of 95% for the Norte dolomite and the lowest conversion of 
77% was found for the Sevilla dolomite. Gas yields were increased by the catalysts in all the 
cases. The order of activity was: Norte > Chilches > Malaga > Sevilla. Interestingly, the surface 
areas of the Norte and Chilches dolomites were lower than those of the Malaga and Sevilla 
materials. The higher activity of the Norte and Chilches dolomites may be accounted for by their 
higher Fe2O3 contents and also by their larger pore diameters. The increase in gas yield was 10 - 
20% volume, resulting in an increase of 15% in the lower heating value (LHV) of the gas. The 
hydrogen content of the gas increased by 4% volume, while the content of CO, CO2 and CH4 
remained relatively unchanged. Thus it appeared that the Fe2O3 content and the surface area of 
the dolomite used affected the activity of the catalyst. 
Aznar and co-workers investigated the use of Malaga dolomite for steam/oxygen 
gasification. They reported that the H2 content of the flue gas increased by 7% volume, while the 
CO content decreased by 7% volume. This effect may have been due to a greater contribution of 
the water–gas shift reaction as a result of a high steam content and high temperature. In another 
paper using different gasification conditions Aznar and co-workers achieved a tar conversion of 
96% at a temperature of 840 ºC. Ekström and co-workers also achieved almost 100% conversion 
of tar at 700 – 800 ºC using Malaga dolomite under steam reforming conditions. They also 
observed significant increase in CH4 and C2H4 at lower temperatures and concluded that calcined 
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dolomite was 10 times more active than the uncalcined material. 
Delgado and co-workers investigated the effects of temperature, contact time and the 
particle diameter of Norte dolomite catalysts and compared it with calcite (CaO) and magnesite 
(MgO). They reported that the tar conversion increased on increasing the temperature of the 
catalyst bed, complete elimination being observed at 840 ºC. The increase in temperature also 
resulted in an increase in the gas yield. Delgado and co-workers also investigated the effect of 
gas/catalyst contact time on the cracking process. They observed an increase in the destruction of 
tars present in the gas with an increase in contact times, and reported a maximum being reached 
at 0.3 kg/hr.m
3 
(normalized). Increased H2 and CO2 production was also noticed which might be 
due to the occurrence of tar conversion reactions and the water–gas shift reaction. An increase in 
particle size had similar effects.  
Ellig and co-workers (1985) used benzene as a model tar molecule to test catalyst 
properties. Benzene was passed over CaO, obtained from calcining CaCO3 and Ca(OH)2. At 860 
ºC, 2 mol %, and a 1 second residence time, they reported 75 – 85% conversion of the benzene. 
Lai and co-workers (1986) conducted similar experiments using m-cresol over CaO at 350 – 600 
ºC and reported a 60%–80% destruction to toluene. Ellig and co-workers (1985) passed benzene, 
toluene, 1-methyl naphthalene, and n-heptane over packed beds of CaO/quartz and quartz kept at 
550 – 950 ºC. The CaO was reported to have significantly increased the rates of pyrolysis.                         
Aldẻn and co-workers (1992) investigated the catalytic reforming of naphthalene over 
dolomite. Naphthalene has been used as a model compound because of it being the most stable 
of all the molecules present in biomass derived tar. They reported that the degree of conversion 
of naphthalene when passed over calcined dolomite at 800 ºC varied with the composition of the 
carrier gas. They achieved a conversion of 96% using a carrier gas composition of 15% CO2 
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(balance N2), while only 79% conversion was achieved with 18% H2O (balance N2) in the gas. 
The resulting product gas compositions are shown in Table 2.2. The degree of conversion of 
naphthalene also varies with the amount of water vapor in the carrier gas, reaching a maximum 
for a water concentration of 5 – 15 vol.%. 
Table 2.2: Product composition (vol.%) when converting naphthalene over calcined dolomite at 
800 
°
C Aldẻn and co-workers 
Carrier Gas Comp, Balance N2 H2 CO CO2 CH4 Dolomite 
14% CO2 1.6 2.8 16 0.67 No 
14% CO2 2.9 15 4.6 0.13 Yes 
10% H2O 11 4.3 2.9 0.22 Yes 
 
Lammers and Beenackers (1996) investigated the effect of air on the reforming of tar 
over calcined dolomite in a steam gasification system. They achieved 72% tar conversion at 850 
ºC over the calcined dolomite with steam alone and 96% conversion with an air/steam mix at the 
same temperature and conditions. As a part of a different paper Aldén and co-workers (1996) 
reported a 70% reduction of the tar content with calcined Glanshammar dolomite at 800 ºC they 
found a further 10–15% reduction at 900 ºC. Tar yields further decreased when the pressure was 
increased to 10 bar. However, increasing the pressure also had the effect of raising the partial 
pressure of CO2, leading to carbonisation of the catalyst, which makes the catalyst ineffective 
very quickly and is inadvisable. It is therefore very important to find out the correct pressure, 
residence time and temperature for our catalyst to function properly.  
According to Leppälahti and Kurkela (1991) who looked at effects of dolomite in the 
atmospheric, fluidized-bed, air gasification of peat. Dolomite beds cut the tar levels in half at 
around 820 ºC. Kurkela and co-workers (1993) report that dolomite was not particularly effective 
in catalytic tar reduction when used in the primary fluid bed of a gasifier. Much better results 
were obtained with a secondary bed of dolomite. 
Simell and co-workers (1995) tested calcined and carbonated dolomites, limestones, and 
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SiC (as an inert reference) using toluene as a model for tar, recognizing that it is easier to crack 
than benzene, naphthalene, etc. Typical tar from fluidized-bed gasification of wood at 850 – 950 
ºC contains 50% – 60% benzene, 10% – 20% naphthalene, and 10% – 20% of other polynuclear 
aromatic compounds. Carbonated rocks decomposed PNA (PAH) more easily than benzene. At 
900 ºC exposure of calcined dolomite to 300 kPa of CO2 produces rapid deactivation. Simell and 
co-workers (1997) compared the tar and ammonia decomposition (toluene was used as a tar 
model compound) activities of dolomite, alumina, SiC, and Ni catalysts. Tests were carried out 
in a fixed-bed tube reactor at 900 
0
C under 2 and 5 MPA pressure of different atmospheres. A 
gasification gas mixture containing all the components was also used. CO2 reforming reactions 
were faster than steam at 900 ºC. Tar decomposition on dolomite is strongly inhibited by the 
presence of CO. The main reaction products of toluene are benzene and methane. 
Hallen and co-workers (1988) investigated the influence of alkali carbonates on biomass 
steam gasification. The catalysts (Na2CO3, K2CO3 or CsCO3) were dry-mixed with, or wet-
impregnated onto the biomass. As a part of this study each catalyst was evaluated in relation to 
gas production at two different concentrations and the results demonstrated minimum variation. 
However the presence of catalyst at temperatures of 650 ºC and higher decreased the carbon 
conversion to gas during the volatilization of the steam gasification of wood. There was, 
however, an increase in the rate and total amount of gas produced during the gasification stage. 
The presence of catalyst increased the char yield during the volatilization stage but then 
decreased the char yield during the second stage of the gasification process. Several groups have 
reported that the increase in carbon conversion to gases using the alkali carbonate results from 
conversion of the condensable liquids according to Sutton and co-workers (2001). 
Nickel based catalysts are another commonly used catalyst type. Ni based catalyst are 
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used usually in conjunction with dolomite or alkali catalysts. The raw gas is cleaned using a 
dolomite or alkali catalyst for the removal of tars (95%). The nickel reforming catalyst is then 
used for reforming the methane and the remaining tar. 
Aznar and co-workers (1993), (1996) and (1998) investigated several commercially 
available nickel based catalysts for the removal of tars and the adjustment of the product gas 
composition. Two Haldor Topsøe catalysts ŽR-67-7H and RKS-1 were investigated for the 
steam reforming of the tar and methane. The catalyst was positioned downstream of the gasifier 
in a secondary reactor that was maintained at temperatures between 730 and 760 ºC; space times 
of only 0.1 s were used. Catalyst R-67-7H is described as 12 – 14% Ni on a Mg/Al2O3 support 
with a free Mg content of less than 0.5 wt.% and a SiO2 content of <0.2 wt.%. Its specific surface 
area was 12 – 20 m2/g. The conversions of tar, methane and C2 and C3 were greater for the 
reduced catalyst. The methane was reduced to 0.5 vol.% and the tar content to only 4 mg/m
3
. 
Deactivation of the catalysts occurred due to carbon fouling and this resulted in short catalyst 
lifetimes. Reduction in the tar content prior to the nickel catalysts was identified as a possible 
way to maintain the activity of the catalysts. 
Ni based catalysts suffer from a major disadvantage of deactivation due to sintering and 
or carbon deposition and hence are used with dolomite guard beds. Yamaguchi and co-workers 
(1986) carried out durability testing of alumina-supported nickel catalysts for steam gasification 
of wood at 700 ºC. The activity of the catalyst decreased with the gasification time as a result of 
carbon deposition and sintering of the nickel metal particles in the catalyst. Catalyst regeneration 
was investigated under three different flows (H2, H2O, O2) at 600 ºC. The O2 treatment was 
reported to return the nickel specific area to its fresh value; however, transmission electron 
micrographs of nickel particles in the fresh and used catalyst clearly showed sintering of the 
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nickel. Analysis of the coked catalyst by XRD showed the presence carbon in the form of 
graphite. 
Baker and Mudge and co-workers (1985), (1987), (1993) and (1996) have also 
investigated several commercial nickel catalysts and have compared them with specially 
prepared materials. They reported that a Harshaw 3266 supported nickel catalyst altered the gas 
composition to give a methane rich composition at low temperatures (550 – 560 ºC), but the 
composition was closer to a syngas at high temperatures (740 – 760 ºC). The conditions used and 
the resultant gas compositions are shown in Table 2.3. Conversion of carbon to gas was not as 
efficient at the lower gasification temperatures as those at the higher temperatures. No tar was 
formed as long as the catalyst was active; deactivation of the catalysts occurred as a result of 
carbon fouling and also of thermal sintering. 
Table 2.3: Production of specific gases from biomass steam gasification (Baker et al.) 
Harshaw 326 Methane Rich Syngas 
Gasification T, 
0
C
 
560-540 740-770 
Catalyst T, 
0
C 550-560 740-760 
Steam/Wood, g/g 0.33 0.7 
% Carbon to gas 68 90 
H2 29.5 53.1 
CO2 34.3 15.5 
CO 10.8 28.3 
CH4 25.5 3.1 
C2+ 0.1 0.1 
 
Tiejun Wang and co-workers (2005) investigated biomass tar cracking over a 
Ni/dolomite catalyst prepared by the incipient wetness method using modified dolomite as 
precursor. Modified dolomite was prepared by mixing Fe2O3 powders with natural dolomite 
powders to increase Fe2O3 content for higher activity of tar cracking. The Ni/dolomite was found 
to be very active and useful for tar removal. A 95% tar removal is easily obtained at catalyst 
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temperature of 700 °C and space velocities of 0.81 h
-1
. The minimum S/C (substrate/catalyst) 
ratio for Ni/dolomite was 2.5 at a catalyst temperature of 750 °C to prevent the formation of the 
coke on the catalyst. No obvious deactivation of catalyst was observed in 60 h on-stream tests. 
Compared with the Ni-based catalysts (ICI- 46-1, Z409), Ni/dolomite catalyst is cheap and has 
also excellent activity and anti-coking ability. 
Clearly there are many different viable catalysts for tar cracking which can be used in 
different combinations. Their kinetics vary with change in the conditions under which the 
process was carried out. 
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CHAPTER 3: EXPERIMENTAL SETUP AND METHODS 
The experimental setup was designed to screen the catalyst that was best suited for our 
requirements to clean the gas produced by the LSU Agcenter Downdraft gasifier. The 
composition of the tars generated by the LSU gasifier was not consistent and varied according to 
operational conditions. Also the logistics of running the gasifier made it difficult to obtain large 
volumes of data to screen the catalysts. Therefore to achieve better experimental control, the 
proposed catalyst experiments were undertaken using a setup that would eliminate the 
requirement of running the gasifier. 
3.1 The Experimental Setup 
To increase the control, minimize the runs on the gasifier and to actuate the catalysts 
against actual tars effluent from the gasifier it was decided to try and replicate the tars in the 
gasifier effluent (Figure 3.1). 
 
Figure 3.1: An AutoCAD schematic of the Experimental Setup. (Note: insulation layers are not 
shown, Furnace #1 is a Thermolyne 21100 tube furnace and Furnace #2) 
 25 
 
Tars condensed from gasifier runs were collected. These tars aggregates would represent 
a wide spectrum of the various species of hydrocarbons present in the tars produced by the 
gasifier runs. A piece of such a condensed tar sample was put into the chamber in a furnace 
(Furnace #1, F1) and heated to 700 ºC so that the tars enter the vapor phase. This effluent vapor 
containing tars was then passed through the catalyst chamber. The catalyst chamber was inside a 
second furnace (Furnace #2, F2) so that the temperature of the catalyst could be varied according 
to the experimental requirements. As per experimental protocol, the F2 temperature was varied 
between 300 and 900 ºC. To keep the lines connecting the two furnaces hot, so as to prevent 
condensation of tars in the lines and also as an additional precaution all exposed lines were 
covered in multiple layers of insulation. 
The efficiency with which the catalyst could remove these tars depended on the 
temperature, retention time and other operational conditions. To study the changes in the 
efficiency of the catalyst, the gas leaving the catalyst chamber (Furnace #2 in Figure 3.1) was 
bubbled through a train of four Impinger bottles containing acetone. Acetone was determined to 
be a good solvent for tars according to EPA method 5. All tars that were not removed by the 
catalyst dissolve in the acetone. Most of the acetone was then recovered using a Buchi Rotary 
Evaporator at the LSU Callegari Environmental Center. After evaporating the remaining solvent 
a gravimetric analysis was done on the tars to quantify the tars concentration in acetone. 
The efficiency of the catalyst was then calculated by the simple formula: 
𝑬𝑪𝒓𝒂𝒄𝒌𝒊𝒏𝒈 = [ 𝑾𝒊𝒏 − 𝑾𝒐𝒖𝒕 ÷  𝑾𝒊𝒏 ] × 𝟏𝟎𝟎  
Win = (Wtar, start + Wloading vessel, start) – (Wtar, end + Wloading vessel, end) 
Wout = Total weight of tars dissolved in acetone (determined by the gravimetric analysis) 
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Where Wtar, start and Wloading vessel, start are the weight of tar placed on the loading vessel and 
the weight of the loading vessel respectively, at the beginning of each run. And Wtar, end and 
Wloading vessel, end are the same weights at the end of an experimental run. 
Figure 3.2 shows the completed setup except for the nitrogen supply tank. The setup can 
be broken down into four major sections. 
 The Nitrogen Tank Assembly 
 The Tar Evaporation Assembly (in F1) 
 The Catalyst Tube Assembly (in F2) 
 The Tar Quantification Assembly 
 
Figure 3.2: A part of the actual setup (note insulation layers are removed). Left: tube furnace 
heats up tars in the tar evaporation assembly to take them to vapor phase. Right: muffle furnace 
maintains the catalyst tube assembly at experimental temperatures. 
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3.1.1 Nitrogen Tank Assembly 
To provide an inert, non oxidizing environment to the tar vapors nitrogen was used as a 
carrier gas. 90 cubic feet industrial Nitrogen cylinders were used as the source. A Key 
Instruments Series MR3000 variable area type flow control meter was connected between the 
nitrogen cylinder and the first furnace. The flow control meter was used to control the flow rates 
in the subsequent experiments. This part of the setup is shown in Figure 3.3. 
 
Figure 3.3: Nitrogen Tank Assembly with Key Instruments MR300 flow control meter 
3.1.2 Tar Evaporation Assembly 
The F1 assembly was comprised of a 1‟ x 1.5” (NPT sizes, inner dia.) tar heating tube 
placed inside a Thermolyne 21100 tube furnace (Figure 3.4). The tube was made of black iron 
capable of withstanding temperatures up to 1000 ºC easily. It was a good conductor and was 
relatively inert to the environment at lower temperatures. Both ends of the tube were threaded 
and fitted with 1.5” x 3/4” nipples and connected to 1/8” copper tubing using a 3/4” x 1/2” NPT 
stainless steel fitting and 1/2” NPT x 1/4” male adapter type compression tube fittings. 
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Figure 3.4: Thermolyne 21100 Tube Furnace (also referred to as F1) 
Within this tube was placed a Tar loading vessel. The tar loading vessel was a 2.5” long 
stainless steel semi cylindrical shell (Figure 3.5). An aluminum loading vessel was used initially, 
however due to aluminum‟s superior conductivity, but the low melting point of aluminum 
resulted in the deformation of the loading vessel at high temperatures in tests thus a stainless 
steel loading vessel was decided upon. The tar sample was placed on this loading vessel; the 
loading vessel was then inserted into the Furnace 1 (Figure 3.4) tar heating tube. The sample was 
then heated to 700 ºC and kept constant. This caused the tar inside the tube to volatilize and 
caused vapors of tar to form inside the F1 tube. The incoming copper line carried Nitrogen from 
a pressurized Nitrogen tank at a very slow flow rate which was varied between 1 and 5 SCFH. 
 
Figure 3.5: Loading Vessel (Stainless steel, size 2.5”, semicircular tray) 
 29 
 
3.1.3 Catalyst Tube Assembly 
This stream of Nitrogen carried the tar in vapor state from F1 to the F2 catalyst tube 
assembly (Figure 3.6) inside the second furnace, a Thermolyne 62700 muffle furnace. The 
catalyst tube is constructed from a 6” x 1” stainless steel tube. It was threaded on both ends and 
fitted with screw on stainless steel 1” x 1” L sections. These tubes were fitted with a combination 
of 1” x 1/2” and 1/2” x 1/4” stainless steel NPT reducer fittings and then to a 1/4” NPT x 1/4” 
male adapter type compression tube fittings which made a secure seal with the 1/4” copper 
tubing.  
 
Figure 3.6: Catalyst Tube Assembly (Note: brass fittings used for low temperature test runs were 
replaced with stainless steel fittings) 
The temperature of the catalyst tube was constant during each run but not across different 
runs. The catalyst was run at different temperatures e.g. the temperatures the Albemarle 
proprietary catalyst was tested at are shown in the Table 3.1 below. This catalyst can function till 
an upper limit of 500 ºC, but the other catalysts tested function at higher temperatures and thus 
their tested ranges were different. 
Table 3.1: Temperatures at which the Albemarle Catalyst was run 
 Temperatures ( ºC) 
Catalysts T1 T2 T3 T4 T5 
Albemarle 300 350 400 450 500 
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3.1.4 Tar Quantification Assembly 
After passing over the catalyst bed the carrier gas exited the catalyst tube assembly and 
entered an acetone bottle train (Figure 3.7). The acetone bottle train was comprised of four (4) 
impinger bottles connected in series. Each bottle contained approximately 80 ml of acetone. The 
gas leaving the catalyst tube assembly was bubbled through the acetone. Acetone dissolved any 
remaining tars in the effluent gas. These were then collected and the acetone recovered using a 
Buchi Rotary Evaporator at the LSU Callegari Environmental Center. A gravimetric analysis 
was then carried out on the remaining solution of tars in acetone. The gravimetric analysis 
involved a simple process of filling aluminum pans, whose weights were known; with the 
acetone-tar solution obtained after the majority of the acetone had been recovered using the 
Buchi Rotary Evaporator. The acetone was then allowed to evaporate and the weight of the tars 
deposited in the pans was recorded. 
 
Figure 3.7: Tar Quantification Assembly (4 impinger bottles in series, 80 ml of acetone each) 
3.2 The Experimental Catalysts 
Three (3) different catalysts were experimented upon, they were: 
 Albemarle alumina extrudes  
 Dolomite  
 Olivine 
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For a control set it was decided we would use Silica microcrystals and compare the 
results with the results obtained from the catalyst experiments so as to verify them.  
The Albemarle alumina extrudes (henceforth also referred to as Albemarle Catalyst) were 
a proprietary catalyst provided by the Albemarle Corporation for experimental purposes only. 
ASTM 8 x 10 crystals of Dolomite from Imerys, GA was used as the dolomite catalyst. Thermtec 
brand Olivine of ASTM grade 4 x 16 was obtained from Unimin Corporation, PA to be used as a 
catalyst. Unimin Corporation, Tuscaloosa, AL supplied us with the Filtersil brand coarse Silica 
aggregate crystals of ASTM grade 6 x 8.  
3.3 Catalyst Screening Experiments 
Three sets of experiments were carried out on each catalyst. They were screened based on 
their performance versus temperature, retention time and life. Each experimental run was 1.5 
hours long. 
The length of each run was decided after extensive testing so as to determine what might 
be the best time period for the experiments. These experiments are discussed in the following 
chapter. 
3.3.1 Temperature Variation Experiments 
These experiments were designed to determine how changes in temperature influenced 
the catalysts‟ tar cracking efficiencies. The temperature variation experiments consisted of 
placing a known mass of tar (1 g) on a loading vessel. The setup was then run for 1.5 hours. The 
temperature of the catalyst bed was set according to the values in Table 3.2 and then kept 
constant during the run. The tars dissolved in the acetone at the completion of the run were 
gravimetrically quantified. 
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Table 3.2: Temperatures at which each catalyst was tested during the temperature variation 
experiments 
Catalyst T1 T2 T3 T4 T5 
Albemarle 300 ºC 350 ºC 400 ºC 450 ºC 500 ºC 
Dolomite 400 ºC 500 ºC 600 ºC 700 ºC 800 ºC 
Olivine 400 ºC 500 ºC 600 ºC 700 ºC 800 ºC 
Silica 400 ºC 500 ºC 600 ºC 700 ºC 800 ºC 
 
3.3.2 Retention Time Variation Experiments 
These experiments were designed to ascertain how well a catalyst functioned across 
various retention times and choose the best performing catalyst(s) according to the requirements 
of the LSU Agcenter gasifier. 
Once the temperature at which a catalyst functions best had been identified it was kept 
constant during further experimentation. The performance of the catalyst as a function of the 
retention time of the syngas in catalyst chamber was studied by varying the flow-rates at which 
the gas was fed into the catalyst chamber. The retention time or residence time was calculated by 
dividing the volume occupied by the chamber by the flow-rate of the influent gas. 
RT = Volume of catalyst chamber/influent flowrate. 
The total volume occupied by the catalyst in the catalyst chamber was 2.6507 in
3 
(0.00154 cubic feet) therefore by changing the flow rate between 1 and 5 cubic feet per hour the 
retention time was changed between 5.4 to 1.1 seconds. Table 3.3 shows the flow rates and their 
respective RTs. 
Table 3.3: The Flow Rates at which Retention Time versus Efficiency experiments are carried 
out for all catalysts and their respective Retention Times (approximate) 
Flow Rate (SCFH) 1 2 3 4 5 
Retention Times 5.4 2.7 1.8 1.4 1.1 
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Similar to the temperature variation experiments, a known weight of tar (1 g) was placed 
in F1. A known weight of catalyst was used to fill F2. F2 was then set at the optimum 
temperature obtained by the preceding temperature runs and the setup was run for 1.5 hours. For 
each catalyst the process was repeated for five (5) different retention times according to Table 
3.3. 
The amount of tars obtained in the acetone bottles at the end of the run should be 
inversely proportional with the efficiency of the catalyst. The collected tar weights were 
tabulated and the tar cracking efficiency of the catalyst was calculated for each retention time. 
This data was then plotted to comment as to how the particular catalyst‟s performance varied 
with a change in the retention time. The tar cracking efficiency of a catalyst was expected to drop 
with a decrease in the retention time; hence a catalyst with a smaller drop in performance would 
be preferred. 
3.3.3 Experiments to Evaluate the Catalyst Life 
These experiments constituted of using a known weight of catalyst in F2 catalyst 
assembly and undertaking five (5) consecutive experimental runs on the catalyst sample without 
changing it. A known amount of tar was heated up in the F1 assembly and it was replenished for 
each run. The runs were undertaken at the optimum temperature and optimum retention time for 
that catalyst, determined through the two previous set of experiments. With each subsequent run 
the efficiency of the catalyst was anticipated to go down since it was not being replenished. The 
drop in the tar cracking efficiencies for the different catalysts were compared to conclude which 
one had that longest lifetime. 
Additional experiments were conducted to verify if the tars being tested in the F2 catalyst 
assembly were similar to the tars being fed into the F1 tar evaporation assembly. These 
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experiments were also designed to understand the changes in the composition of the tars as it 
went through the different parts of the system. It was felt that this was necessary to check if the 
setup was fractioning the tar produced. The following experiments were carried out for this 
purpose. 
3.4 Total Volatile Solids and Total Dissolved Solids Analysis of Tar and 
Catalyst Samples 
During experimentation it was observed that some biomass would remain on the loading 
vessel after the tar had been eluted from it. This caused the adoption of a correction factor while 
calculating the tar cracking efficiencies of the catalysts. Therefore an analysis of these samples 
was necessary. The tar samples were analyzed for total volatile solids. Since the samples fed into 
the F1 were organic, the volatile solids are thought to be composed of various amorphous or 
organic carbon species. For these tests a known weight of the sample was kept at 550 ºC for two 
(2) hours in an ashing oven at the W.A. Callegari Environmental Center. The amount of volatiles 
(the amount of sample lost) was calculated by taking the difference in weights before and after 
the experiment. 
The same samples were also tested for total solids dissolvable in dichloromethane 
(DCM). DCM is a very good organic solvent and would dissolve any PAHs but would not 
dissolve cellulose, lignin or other fibrous biomass based or amorphous carbon species such as 
graphite or coke. This would give an insight into the type of carbon species remaining on the 
loading vessel and the deposition on the catalysts. For these tests a sample with known weight 
was dissolved in dichloromethane. The solvent containing any dissolved material was filtered 
through a Whatman 42 filter paper. The filtrate was then dried at 105 ºC till constant weight. 
This recorded constant weight corresponds to the weight of organics dissolved in DCM. 
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3.5 Nitrogen Carbon and Hydrogen Analysis of Tar Samples 
A simple N, C, H analysis was carried out on tar samples sourced from different points in 
the setup. An Elementar Vario EL III at the LSU Callegari Environmental Center was used for 
this purpose. Acetanilide (71.09% C, 10.36% N and 6.71% H) was used as a standard and 
Helium as carrier gas. The results of the experiments were compared to assess the compositional 
changes as it passed through the different sections in the setup. The points from which the 
samples were sourced were: 
 before heating in F1, Pure Tar 
 before passing through F2, F2 in  
 after passing through F2, F2 out 
At least three samples were taken at each point to increase the statistical validity of the 
experiment. Three random tar samples taken from the tar aggregate were used as Pure Tar 
samples. Three random samples were selected from the tar samples dissolved in acetone during 
the first justification experiment as F2 in samples. The samples used for this purpose were 
sample number 2, sample number 5 and sample number 9. These tar samples were eluted from 
F1 but not passed through the catalyst bed in F2 (explained in further detail in section 4.2). Three 
random samples were chosen from the tar samples obtained after gravimetric analysis as a part of 
the catalyst temperature profile experiments. These tars had dissolved in the acetone after having 
passed through the catalyst bed. The samples for this purpose were obtained from the Dolomite 
temperature run number 1 (400 ºC), Dolomite temperature run number 2 (500 ºC), Albemarle 
temperature run 1 (300 ºC). 
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3.6 GC MS Analysis of Tar Samples 
A series of GC MS experiments were conducted at the Department of Environmental and 
Coastal Sciences, Louisiana State University. The GC MS experiments were conducted on 
samples of tars collected from two different points in the setup. To increase statistical validity of 
the GC MS analysis, three (3) samples were taken from each point in the experimental setup. The 
points from which the samples were taken were 
 after the F2, Catalyst tube assembly 
 before the F2, Catalyst tube assembly 
The F2 Out (after the Catalyst tube assembly) samples were taken from the Tar dissolved 
in the acetone. Three such samples were obtained from three randomly chosen runs and tested 
using a GC MS for the range of alkanes and the aromatics present in the sample. 
The F2 In (before the catalyst tube assembly) samples were taken from randomly chosen 
samples dissolved in acetone from the first justification experiment, which bypassed the catalyst 
tube assembly. 
The samples were extracted to liquid form by adding one to two milliliters of pesticide-
grade dichloromethane (DCM) to each aluminum dish.  The DCM was stirred with clean 
stainless steel spatulas until a brownish color was achieved.  The sample extract was then 
removed with a disposable, glass Pasteur pipette and placed into an amber, 2-mL autosampler 
vial.  The vial was capped and kept ready for analysis on the GC/MS. 
The sample extracts were analyzed on an Agilent 7890A GC/ 5975 inert XL MSD 
operated in scan mode with low mass equaling 40 and high mass equaling 600.  The GC column 
was an Rtx-5 high resolution capillary column (30 meter x 0.25 mm ID x 0.25 micron film, 
Restek).  The GC oven temperature programming was 40 °C held for 3 minutes, increased to 
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150 °C at a rate of 5 °C/minute, and increased again to the final temperature of 300 °C at 
5 °C/minute and held for 3 minutes.  The injector and MS interface temperature was set at 
250 °C and 280 °C respectively. 
3.7 SEM and EDS Analysis of Catalysts 
Scanning Electron Microscope (SEM) imagery of catalyst particles before and after each 
experimental run were analyzed to discern what physical changes, if any, were taking place in 
the catalyst particle due to the process. Energy-dispersive X-ray spectroscopy (EDS) data was 
collected to identify if there were substantial changes in the surface composition of the catalysts 
due to the process of catalysis. For these purposes the JEOL JSM 6610 Scanning Electron 
Microscope at the Socolofsky Microscopy Center, Department of Biological Sciences, LSU was 
used for taking SEM images. And a Hitachi S-3600N Variable Pressure Scanning Electron 
Microscope with integrated EDAX EDS system at the Material Characterization Center, 
Mechanical Engineering Department, LSU was used for obtaining the general chemical 
composition analysis of the catalyst.  
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CHAPTER 4:  EXPERIMENTS TO ASCERTAIN THE DURATION OF 
SCREENING EXPERIMENTS AND CORRECTION FACTOR 
4.1 Introduction 
The duration of each experiment was set at 1.5 hours, and multiple experiments were 
conducted to justify this time period. The two following experiments determined the duration of 
the catalyst screening experiments. Additionally the following experiments also helped calculate 
the correction factor required to account for the losses in the experimental setup. 
4.2 First Justification Experiment 
The copper line coming out from F1 was disconnected from F2 and was directly fed into 
the acetone impinger bottle train. A known amount of tar (1.0338 g) was placed on the loading 
vessel and placed inside F1. F1 temperature was then set at 700 ºC and the nitrogen flow rate was 
set at 1 SCFH. A K-type thermocouple was placed inside the furnace and the temperature 
changes were recorded on a computer using DASYlab software and Measurement Computing 
USB DAQ hardware. The nitrogen carried the tars in vapor phase into the acetone bottles 
directly, where they get dissolved in the acetone. The acetone bottles were changed every 3 
minutes a period of 2 hours. The weight of tar dissolved in acetone for every 3 minutes interval 
was correlated to the temperature during that 3 minute time period. The collected data was used 
to draw the time versus tar elution and temperature profiles. These profiles were analyzed to 
decide the length of each run. 
The graph plotted using the resulting data can be seen in Figure 4.1. It was observed that 
in the 3 minutes interval between 9 and 12 minutes, 0.035 g of tar is eluted from F1. This is the 
maximum amount of tar eluted during any 3 minute interval. It was inferred that between the 
temperatures of 440 – 520 °C a majority of the tar species are eluted from the sample. 
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Figure 4.1: Time vs. Weight of tar eluted from F1, vs. Temperature. The plot shows the change 
in the weight of tar eluted in F1 and the change in F1 temperature with time. 
However, it was also observed that during the rest of the run the tar elution continues 
although at a lower rate. Hence it was concluded that the outflow of tars does not follow a 
consistent pattern. It would require further research to ascertain the relationship between the rate 
of tar elution and temperature; this was considered to be outside the scope of the current research. 
Based on the tar elution data, it was decided to set each run at 1.5 hours. Another factor that 
required attention was the amount of tar that could be accounted for in the acetone solution. It is 
clear from the experimental data that the total weight of tar that was being fed into the system 
was not equal to the total weight of tars dissolved in the acetone. Therefore, to account for the 
losses the weights were compared (Table 4.1). 
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Table 4.1: Time vs. Weight of tar eluted from F1, vs. Temperature experimental data 
Weight of Tar in F1 at the beginning of the run  = 1.0338 g 
Weight of Tar that remained on the loading vessel after the run  = 0.321 g 
Weight of Tar actually vaporized in F1 = 0.7128 g 
Total weight of tars dissolved in acetone = 0.1590 g 
 
The gravimetric analysis of the tars dissolved in acetone indicated that approximately 
22 % (0.1590 g) of the total amount of tar vaporized in F1 (0.7128 g), dissolved in the acetone. 
To account for any losses in the lines, the copper lines were cleared using acetone and the tar 
deposited on them was also measured. The total mass deposited was 0.0225 g. This may be due 
to loss of heat in the lines, resulting in the deposition of complex tars with higher boiling points. 
Despite adding the weight of tars deposited on the lines to the total weight of tars dissolved in 
acetone, only around 25% of the total amount of tar vaporized in F1 could be accounted for. It 
was concluded that the tar samples being fed into F1 might contain large quantities of bio-mass 
based impurities which would undergo coking to amorphous carbon at such high temperatures. 
The resulting species would either cause amorphous carbon deposition on the walls or pass 
through the acetone without being dissolved. Thus these constituents would not be accounted for. 
Trying to analyze the exact constituents of the tar samples, the flow and the thermodynamics 
inside the furnaces, in order to get the full yield of tars was beyond the scope of this study. 
Therefore a baseline for the tar elution rate and a correction factor to account for the losses in the 
mass of tar fed to F1 was determined. 
4.3 Second Justification Experiment 
To obtain the baseline for duration of tar elution the weight of tars yielded in the same 
setup after three runs for 1.5 hour (from previous experiment) at 700 ºC was investigated. The 
results of all three experimental runs are shown in Table 4.2. 
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Table 4.2: Tar / given time period justification experimental data 
 Wt. of 
Holder 
(g) 
Wt. of 
Tar 
(initial) 
(g) 
Tar + 
Holder 
(final) 
(g) 
Tar 
Evaporated 
(g) 
% of Tar 
Evaporated 
Wt. of Tar 
dissolved 
in Acetone 
(g) 
% of Tar 
accounted 
for 
Run 1 45.4061 1.0045  45.7866 0.624 62.1 0.1682 26.95 
Run 2 45.4136 1.0129 45.7689 0.6575 64.9 0.1585 24.1 
Run 3 45.4286 1.022 45.7861 0.6645 65.01 0.1604 24.14 
 
It can be seen that for every run, 1.5 hour long, the percentage of tar dissolved in acetone 
was consistent and was around 24 and 27%. Therefore these values were used as the baseline for 
further experimentation. 
4.4 Modified Tar Cracking Efficiency Equation 
To account for the losses in the experimental setup a correction factor was incorporated 
in the equation used to calculate the tar cracking efficiencies of the catalysts. Based on the results 
obtained from the two justification experiments, a correction factor of 0.25 was selected. The 
modified calculate tar cracking efficiency equation is. 
 𝑬𝑪𝒓𝒂𝒄𝒌𝒊𝒏𝒈(𝒘𝒊𝒕𝒉 𝑪𝑭) =   (𝑾𝒊𝒏 × 𝟎. 𝟐𝟓) − 𝑾𝒐𝒖𝒕 ÷  𝑾𝒊𝒏 × 𝟎. 𝟐𝟓  × 𝟏𝟎𝟎 
Win = (Wtar, start + Wloading vessel, start) – (Wtar, end + Wloading vessel, end)  
Wout = Total Weight of tars dissolved in acetone (determined by the gravimetric analysis) 
CF = Correction factor (0.25)  
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CHAPTER 5:  RESULTS AND DISCUSSION 
Due to the complexities involved in this study major problems were encountered during 
the experimental phase. The most prominent ones were temperature control and the stability of 
the parts of the experimental setup exposed to extreme temperatures.  However, these problems 
were assuaged and experimental data for all the three (3) catalysts and silica controls included in 
this study was obtained. A total of sixty (60) experimental runs with the various catalysts were 
conducted using the experimental setup described in Chapter 3. The data collected from these 
runs was categorized into three categories, namely: 
1. Catalyst Temperature Profiles 
2. Catalyst Retention Time Profiles 
3. Catalyst Life Profiles 
5.1 Tar Cracking Effectiveness versus Temperature Comparisons 
Figure 5.1 shows the Albemarle catalyst temperature profile. The catalyst effectiveness 
both with and without the correction factor for the setup were plotted against the temperature. It 
can be noticed that the catalyst performed best at a temperature of 400 ºC. The performance of 
the catalyst improved as temperature was raised from 300 ºC to 350 ºC. Beyond this temperature, 
the performance increased slightly and peaks at 68% efficiency (with correction factor) at 400 ºC. 
The catalyst‟s tar cracking efficiency went down as the temperature was further raised to 450 ºC 
and then on to 500 ºC. This decline in catalyst activity was expected, since according to 
Albemarle Corporation, the developers of this catalyst, around 500 ºC the structures inside the 
catalyst particles collapsed resulting in the loss of catalytic activity and reduction in surface area. 
The temperature experiments for Dolomite were conducted between the temperatures of 400 ºC - 
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800 ºC. It was decided not to experiment at temperatures higher than 800 ºC for two major 
reasons. 
 
Figure 5.1: Albemarle Catalyst Efficiency versus Temperature. Temperature range: 300 – 500 ºC, 
Flowrate: 1 SCFH. 
Firstly, the fact that it was extremely difficult to maintain such high temperatures using 
the setup. The furnaces would require inordinately high amounts of time to reach such 
temperatures due to higher heat losses at higher temperatures. Also, at temperatures higher than 
800 ºC other operational problems were encountered. Such high temperatures caused the threads 
on the catalyst chamber inside F2 to lock and fuse with the ones on the stainless steel L type 
fittings and also cause the compression fitting seals to come loose. Secondly, as has been 
previously discussed, at temperatures around 900 ºC thermal cracking of tars take place purely 
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due to the high temperatures. Therefore, it was decided that testing at such temperatures was not 
a true measure of the tar cracking efficiency of the catalysts. 
From the Figure 5.2 it is observed that the tar cracking efficiency of Dolomite increased 
as the temperature of the catalyst (temperature of F2) was increased. Without including the 
correction factor, a peak efficiency of around 99% was obtained at a temperature of 800 ºC. With 
the correction factor, a peak effectiveness of 95% was achieved at the same temperature. This 
means that 95% (by mass) of all the tars that entered the catalyst chamber were cracked by the 
catalyst to particles with smaller molecular weights. 
 
Figure 5.2: Dolomite Catalyst Efficiency versus Temperature. Temperature range: 400 – 800 ºC, 
Flowrate: 1 SCFH. 
Figure 5.3 shows the Olivine catalyst versus temperature trend. We can see that for 
temperatures around 400 to 600 ºC, the Olivine catalyst showed a tar cracking effectiveness of 
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around 85% without correction factor and around 47% with correction factor. As the catalyst 
temperature was raised further to 700 and 800 ºC, the performance of the catalyst improved 
dramatically. At a temperature of 800 
0
C the tar cracking effectiveness of the Olivine catalyst 
peaked at approximately 98% without correction factor and 91% with correction factor. It 
seemed that higher temperatures were required to activate the olivine catalyst. 
 
Figure 5.3: Olivine Catalyst Efficiency versus Temperature. Temperature range: 400 – 800 ºC, 
Flowrate: 1 SCFH 
 To compare the performance of the tested catalysts the catalysts were substituted with 
silica aggregate crystals and the setup was run under similar conditions. Silica was chosen for 
this particular role due to its absence of catalytic activity. The data obtained from these runs were 
used as a control set. The silica tar cracking effectiveness versus temperature graph is shown in 
Figure 5.4. 
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Figure 5.4: Silica (control) Efficiency versus Temperature. Temperature range: 400 – 800 ºC, 
Flowrate: 1 SCFH. 
The Silica sample showed little activity at lower temperatures. At 400 ºC only around 
10% of the tars entering the catalyst chamber were reduced. As the temperature is increased, 
there was a slight increase in the activity. However, this perceived activity may partially or 
completely be due to temperature cracking. Even at a peak temperature of 800 ºC, the Silica 
aggregate crystals only reach a tar cracking effectiveness of around 68% with correction factor. 
Most of the cracking achieved by the Silica sample at this temperature can possibly be attributed 
to the high temperature itself. 
From the temperature runs it can be concluded that both Dolomite and Olivine removed 
more than 90% of all tars at 800 ºC or higher. Though the Albemarle catalyst only worked at 
lower temperatures it cracked significant amounts of tars. 
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5.2 Tar Cracking Effectiveness versus Retention Time Comparisons 
The catalysts were tested at different Retention Times. Since the volume occupied by the 
catalysts was known, the flow rates were varied between 1 - 5 SCFH to obtain different retention 
times ranging from 5.4 – 1.1 seconds. With increasing flow rate, the retention times were 
decreased, thus the catalyst was expected to have less time to interact with the gas and therefore 
have less time to crack the tars down to smaller compounds.  
Figure 5.5 shows the tar cracking efficiency versus flow rate plot for the Albemarle 
catalyst. 
 
Figure 5.5: Albemarle Catalyst Efficiency versus Flow Rate. Temperature: 400 ºC, Flowrate 
range: 1 – 5 SCFH. 
We can see that for the Albemarle catalyst, the tar cracking effectiveness at 400 ºC, 
stayed relatively steady at approximately 74% (with correction factor taken into account) till 3 
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SCFH (~ 1.8 seconds retention time). A further increase to 4 SCFH (~ 1.4 seconds retention 
time) and then to 5 SCFH (~ 1.1 seconds retention time) caused a significant drop in the tar 
cracking effectiveness of the catalyst.The tar cracking effectiveness of the dolomite catalyst 
seemed to be more resistant to reduction in retention times. The Figure 5.6 shows that the tar 
cracking effectiveness of the dolomite catalyst remained stable at around 88 to 89% till 4 SCFH 
(~ 1.4 seconds retention time). A further increase in the flow rate to 5 SCFH (a decrease in 
retention time to 1.1 seconds) caused an appreciable drop in the tar cracking effectiveness to 
around 78%. It is noticeable that the dolomite catalyst fared better than the proprietary 
Albemarle catalyst at responding to increases in flow rates. 
 
Figure 5.6: Dolomite Catalyst Efficiency versus Flow Rate. Temperature: 800 °C, Flowrate 
range: 1 - 5 SCFH. 
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The reduction in retention times results in reduced tar cracking activity for the Olivine 
catalyst, seen in the Figure 5.7.  
 
Figure 5.7: Olivine Catalyst Efficiency versus Flow Rate. Temperature: 800 °C, Flowrate range: 
1 - 5 SCFH. 
The Olivine plot has characteristics similar to the one obtained from the retention time 
experiments carried out on the dolomite catalyst.  At 800 ºC the tar cracking effectiveness of the 
Olivine catalyst stayed between 92 and 88%, when taking into account the correction factors, 
between the flow rates 1 - 3 SCFH (~5.4 – 1.8 seconds retention time). However, further 
increases in flow rates to 4 and 5 SCFH (~ 1.4 – 1.1 seconds retention time) brought down the tar 
cracking effectiveness to 83% and then to 78% (with correction factor). 
0
10
20
30
40
50
60
70
80
90
100
1 2 3 4 5
Ecracking (without CF)   (%)
Ecracking (with CF)  (%)
Flow Rate (SCFH)
E
C
ra
ck
in
g
 (
%
) 
 50 
 
A comparison of the Silica tar cracking effectiveness versus flow rate plot, seen in Figure 
5.8, with the plots obtained for the other catalysts shows how the trends of the plots differ. 
 
Figure 5.8: Silica (control) Efficiency versus Flow Rate. Temperature: 800 °C, Flowrate range: 1 
- 5 SCFH. 
The Silica tar cracking efficiency plot is fairly linear with the tar cracking effectiveness 
of the silica aggregate crystals inversely proportional to the flow rate (or directly proportional to 
the retention time). This is likely due to the fact that the tar cracking is achieved primarily due to 
temperature. At higher flowrates and lower retention times the gas had lesser time to be exposed 
to high temperatures, thereby resulting in lower tar cracking efficiency. 
From the retention time experiments it appeared that the tar cracking effectiveness of the 
Dolomite catalyst was less affected by a decrease in retention time than any of the other catalysts. 
With this information the temperatures and the flow rates at which each catalyst performs the 
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best were ascertained. The identification of the catalyst with the longest life span was the final 
objective of this study. It proved extremely difficult to continuously take gas samples before and 
after the catalyst chamber, to assess changes in the catalysts‟ life expectancies. Instead, the same 
catalyst was utilized for multiple runs and the effect on the activity of the catalyst was recorded. 
5.3 Tar Cracking Effectiveness versus Catalyst Life Comparisons 
The tar cracking effectiveness data of the Albemarle catalyst for five consecutive runs is 
shown in Figure 5.9. 
 
Figure 5.9: Albemarle Catalyst Efficiency versus Number of Runs. Temperature: 400 ºC, Flow 
rate: 1 SCFH. 
The tar cracking effectiveness fluctuated between 75% and 64% (with correction factor) 
for the runs conducted on the same Albemarle sample. The data appears to indicate a stable 
catalyst. No noticeable trend was followed by the tar cracking effectiveness versus the number of 
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runs undertaken without replenishing the catalyst. More number of life runs or longer runs 
should likely provide a better means to assess the projected life span of the Albemarle catalyst. 
It is similarly difficult to conclude about the life of the Dolomite catalyst from the graph 
showing its tar cracking effectiveness versus the number of runs undertaken on the catalyst 
sample (Figure 5.10). 
 
Figure 5.10: Dolomite Catalyst Efficiency versus Number of Runs. Temperature: 800 ºC, Flow 
rate: 1 SCFH. 
The tar cracking effectiveness of the Dolomite catalyst fell from 92% for the first run to 
80% for the second run. However, it stayed steady at around approximately 79% for the next 
three runs. In the absence of more evidence it is hard to conclude how long the catalyst can work 
without losing its activity significantly. 
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A graph for the Olivine catalyst prepared from data obtained from similar experiments is 
seen in figure 5.11. 
 
Figure 5.11: Olivine Catalyst Efficiency versus Number of Runs. Temperature: 800 ºC, Flow 
rate: 1 SCFH. 
Similar to other catalysts, it is very difficult to effectively draw conclusions about the life 
of the Olivine catalyst from the above graph. From the first run a tar cracking effectiveness of 
84% was obtained, which fell to approximately 80% for the second run, and returned to an 
effectiveness of approximately 83% for the third run. The tar cracking effectiveness dropped 
slightly to 81% and then to 80% for the fourth and fifth runs. More experiments might lead to 
conclusive results about the longevity of the Olivine catalyst. 
The Silica aggregates were used as controls for the three (3) catalysts. The data obtained 
from these control runs is plotted in Figure 5.12. From the plots it can be seen that the tar 
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cracking effectiveness of the Silica aggregates at 800 ºC stayed relatively steady between 59% 
and 62% (with correction factor). 
 
Figure 5.12: Silica (control) Efficiency versus Number of Runs. Temperature: 800 ºC, Flow rate: 
1 SCFH. 
This trend was expected from the silica aggregates. The silica aggregates are not catalytic 
in nature, therefore their tar cracking effectiveness being only due to the temperature would not 
vary based on the number of times or the period of time that the catalyst was used for. 
It is very difficult to infer about the life of the catalysts from the data obtained from the 
catalyst life runs. All three catalysts had similar life run profiles with stable plots and no 
particular negative trends. More experiments or differently designed experiments would be 
needed to comment on it. A series of 100 experimental runs using the same catalyst or longer 
runs of around 8 hours each would make commenting on the life spans of each catalyst more 
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accurate. Redesigning the experiments to incorporate continuous automatic sampling and 
analysis of the gas, before and after the catalyst bed would also be useful in this respect. 
5.4 A Comparison of Optimum Performances of the Catalysts 
The peak performance of the catalysts at optimum temperatures and flowrates were 
compared (Figure 5.13). This would help conclude which catalyst had the best mean 
performance at optimum conditions. 
 
Figure 5.13: Comparison of peak performances of each catalyst. Albemarle catalyst was tested at 
400 ºC, while Dolomite, Olivine and Silica runs were at 800 ºC. All experiments were conducted 
at 1 SCFH. 
The Albemarle catalyst data for this comparison was obtained from three separate runs at 
400 ºC and 1 SCFH. The data for the other three samples were obtained from three separate 
experiments, at 800 ºC and 1 SCFH, for each sample. The mean tar cracking efficiency at 
optimum conditions for each sample was calculated and plotted. Both the Dolomite and Olivine 
catalysts performed well. At 800 ºC the Dolomite catalyst removed 92% (+/- 3%) of all tars. The 
Olivine catalyst removed approximately 89% (+/- 4%) of all tars. Both values were inclusive of 
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the correction factor. In comparison, the Albemarle catalyst peaked at approximately 71%, but at 
a significantly lower temperature of 400 ºC. Silica, which is not catalytic, had a peak tar cracking 
effectiveness of only 66% at 800 ºC. 
5.5 Data from Total Volatile Solids and Total Dissolved Solids Analysis of Tar 
and Catalyst Samples 
The remnants on the loading vessel after the experiments were investigated to assess the 
type of species that were present in it. The experiments were carried out in triplicate to increase 
statistical validity. The data in Tables 5.1 and 5.2 can help provide some insight into the 
properties of these substances. 
From Table 5.1 it is observed that approximately 91% (mean) of the constituents of the 
substance remaining on the loading vessel in F1 after the tar had been eluted from the sample 
were volatile. These may have been slag formations caused due to the ash content in the flue gas 
similar to ones reported by Rajvanshi (1986) or deposits of particulates such as ash or char 
reported by Bridgewater (1994). Char and other such amorphous and crystalline carbon 
formations are caused by coking at high temperatures in an oxygen free environment. These may 
also have been plant based biomass matter since the tar was obtained from biomass gasification. 
Table 5.1: Percentage by weight volatiles in loading vessel remnants. Experiments carried out in 
an Ashing oven at 550 ºC for 2 hours. 
Sample type, Sample ID % Volatiles 
Loading vessel remnants, Dolomite Temperature run #1 89.82 
Loading vessel remnants, Dolomite Temperature run #2 89.80 
Loading vessel remnants, Albemarle Flowrate run #1 93.44 
 
Table 5.2 shows the percentage by weight of the same samples that were dissolved in 
dichloromethane. Dichloromethane is a versatile organic solvent and would dissolve any poly-
aromatic hydrocarbons (PAH) and other tarry hydrocarbons. These experiments were also 
carried out in triplicate to increase their statistical validity. 
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Table 5.2: Percentage by weight of loading vessel remnants dissolved in dichloromethane. Solute 
was filtered through Whatman 42 filter paper and dried at 105 ºC till constant weight. 
Sample type, Sample ID % Dissolved 
Loading vessel remnants, Dolomite Temperature run #1 ND 
Loading vessel remnants, Dolomite Temperature run #2 ND 
Loading vessel remnants, Albemarle Flowrate run #1 ND 
 
Interestingly all three loading vessel remnants had zero (0) parts by weight dissolved in 
the DCM. This presents the distinct possibility that the remnants on the loading vessel after the 
elution of tars from the sample did not contain any PAHs or tarry hydrocarbons and the system 
eluted all tars out of the sample. They could have contained ash, char, other carbon formations or 
plant based biomass matter. 
5.6 A Comparison of NCH Analysis Data for Tar Samples 
The Nitrogen, Carbon, and Hydrogen (NCH) analysis was done on the samples of tar 
taken from three different points in the setup and compared to assess changes in composition of 
the tar as it was passed through the setup (Table 5.3). 
Table 5.3: Nitrogen Carbon and Hydrogen analysis of Tar samples from different points in the 
setup 
Sample ID %N %C %H 
F2 out (Dolomite, 400 ºC run) 3.047 69.87 6.925 
F2 out (Dolomite, 500 ºC run) 6 59.04 7.716 
F2 out (Albemarle, 300 ºC run) 0.661 59.79 2.97 
F2 in (trail #1) 0.446 66.25 6.966 
F2 in (trial #2) 1.044 55.18 6.557 
F2 in (trial #3) 0.354 56.79 6.533 
Pure Tar (before heating, trial #1)  0.717 65.95 6.378 
Pure Tar (before heating, trial #2) 0.732 65.75 6.366 
Pure Tar (before heating, trial #3) 0.709 65.74 6.367 
 
As is seen in the above table there was little variance in the elemental constituents of the 
tar collected at different points in the setup. However, this analysis did not provide us with any 
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insight with the specific compounds that constituted the tars. It was therefore difficult to assess 
how the molecular composition of the tar changes as they pass through the setup. Further 
analyses were carried out to comment on the same. 
5.7 A Comparison of GC MS Data for Tar Samples 
The GC MS results used to ascertain the compositional changes in the tars as they passed 
through the experimental setup, seem inconclusive at first. 
The range of alkanes present in a sample of condensed pure tar obtained from previous 
runs of the gasifier and the aromatic species detected are shown in Table 5.4. 
Table 5.4: Range of Alkanes and 10 most abundant aromatics (~60% by area, combined) 
detected in pure Tar by GS/MS library search 
SAMPLE: TAR 
ALKANES DETECTED: nC15-nC27 
AROMATICS: 
RT Area% ID CAS# 
18.354 12.87 1,2 Benzenediol 000120-80-9 
25.937 9.64 Ethanone, 1-(4-hydroxy-3-methoxyphenyl)- 000498-02-2 
17.253 8.24 Phenol, 3-ethyl- 000620-17-7 
17.902 5.76 Phenol, 2-methoxy-4-methyl 000093-51-6 
14.492 5.31 Phenol, 3-methyl- 
Phenol, 4-methyl- 
000108-39-4 
000108-44-5 
20.332 4.64 Phenol, 4-ethyl-2-methoxy 002785-89-9 
23.609 4.00 Vanillin 
Propenylguaethol 
000121-33-5 
000094-86-0 
22.457 3.34 2-Propenal, 3-phenyl- 000104-55-2 
26.701 3.24 1,2,4-Triazolo[4,3-a]pyridine-3(2H)-thione 
6H-Purin-6-one, 2-amino-1, 7-dihydro- 
006952-68-7 
000073-40-5 
34.437 3.20 Phenanthrene 000085-01-8 
 
The tables 5.5 – 5.7 show the ranges of alkanes and the ten most prevalent aromatic 
species detected by the GC MS in three randomly chosen tar samples, obtained from the tars 
remaining after gravimetric analysis of tars dissolved in acetone during the First Justification 
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Experiment (section 4.2). These tars were captured after they had been eluted from the sample in 
the F1 tar vaporization assembly but before the catalyst had treated them. They would therefore 
be expected to represent the composition of tars entering the catalyst chamber. This composition 
could be compared with the composition of tars coming out of the catalyst chamber and pure tar 
samples to comment on the changes undergone in as the tar passed through the system. 
Table 5.5 displays the ten most abundant aromatic species detected in the “F2 IN” tar 
sample, collected at 15 minutes, as a part of the First Justification Experiment. 
Table 5.5: Range of Alkanes and 10 most abundant aromatics (~75% by area, combined) 
detected in an F2 IN sample (1
st
 Justification Experiment Sample #5, 15 mins) by GS/MS library 
search 
SAMPLE: F2 IN (1
st
 Justification Experiment Sample# 5) 
ALKANES DETECTED: nC15-nC30 
AROMATICS: 
RT Area% ID CAS# 
44.737 23.10 Dodecanoic acid, 2-hydroxy-1-(hydroxymethyl) 
ethyl ester 
001678-45-1 
44.616 11.67 Eicosanoic acid, 2-(acetyloxy)-1-
[(acetyloxy)methyl]ethyl ester 
Hexadecanoic acid, 2, 3-bis(acetyloxy) propyl 
ester 
055429-68-0 
 
055268-70-7 
43.630 8.58 Phenanthrene, 1-methyl-7-(1-methylethyl)- 000483-65-8 
46.432 6.87 Octadecanoic acid, butyl ester 000123-95-5 
42.968 6.85 Hexadecanoic acid, butyl ester 
Hexadecanoic acid, 1, 1-dimethyl ester 
000111-06-8 
031158-91-5 
47.963 5.75 Hexadecanoic acid, 2, 3-bis(acetyloxy)propyl 
ester 
055268-70-7 
27.331 3.96 Hexanoic acid, 1-methylethyl ester 002311-46-8 
41.168 3.34 Myristin, 2, 3-diaceto-1- 014473-55-3 
37.185 2.67 Octanoic Acid, 1-methyltridecyl ester 055193-79-8 
49.617 2.67 7-Oxyhydroabietic acid, methyl ester 110936-78-2 
 
Table 5.6 shows the range of alkanes and the top ten aromatics detected in the “F2 In” tar 
sample obtained from the sample number 9, collected at 27 minutes, as a part of the First 
Justification Experiment. 
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Table 5.6: Range of Alkanes and 10 most abundant aromatics (~56% by area, combined) 
detected in an F2 IN sample (1
st
 Justification Experiment Sample 9) by GS/MS library search 
SAMPLE: F2 IN (1
st
 Justification Experiment Sample# 9) 
ALKANES DETECTED: nC15-nC25 
AROMATICS: 
RT Area% ID CAS# 
43.007 12.27 Hexadecanoic acid, butyl ester 000111-06-8 
43.681 9.64 Phenanthrene, 1-methyl-7-(1-methylethyl)- 000483-65-8 
46.455 7.88 Octadecanoic acid, butyl ester 000123-95-5 
44.756 6.92 Hexadecanoic acid, 2, 3-bis(acetyloxy) propyl 
ester 
055268-70-7 
34.443 4.79 Phenanthrene 000085-01-8 
37.860 4.26 Phenanthrene, 2-methyl- 
Phenanthrene, 3-methyl- 
002531-84-2 
000832-71-3 
44.635 3.71 Eicosanoic acid, 2-(acetyloxy)-1-
[(acetyloxy)methyl]ethyl ester 
055429-68-0 
42.479 3.23 1, 3 Pentadiene, 1, 1-diphenyl-, (Z) 015295-31-5 
40.411 2.94 Phenanthrene, 3,6-dimethyl- 
Phenanthrene, 2,5-dimethyl- 
001576-67-6 
003674-66-6 
37.198 2.84 Butanamide, N-(4-chlorophenyl)-3-oxo- 000101-92-8 
 
Table 5.7 shows the range of alkanes and the different aromatic species detected in an 
“F2 IN” sample obtained from the sample number 10, collected at 30 minutes, as a part of the 
First Justification Experiment. 
Table 5.7: Range of Alkanes and 10 most abundant aromatics (~91% by area, combined) 
detected in an F2 IN sample (1
st
 Justification Experiment Sample 10) by GS/MS library search 
SAMPLE: F2 IN (1
st
 Justification Experiment Sample# 10) 
ALKANES DETECTED: nC15-nC30 
AROMATICS: 
RT Area% ID CAS# 
44.737 
 
30.95 Dodecanoic acid, 2-hydroxy-1-
(hydroxymethyl)ethyl ester 
001678-45-1 
44.616 15.04 Hexadecanoic acid, 2, 3-bis(acetyloxy) propyl 
ester 
005268-70-7 
42.975 14.47 Hexadecanoic acid, butyl ester 000111-06-8 
46.429 10.43 Octadecanoic acid, butyl ester 000123-95-5 
47.969 6.92 Myristine, 2, 3-diaceto-1- 014473-55-3 
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(Table 5.7 contd.) 
41.174 4.02 Eicosanic acid, 2, 3-bis(acetyloxy) propyl ester 055429-67-9 
47.861 2.91 Myristine, 1,3,-diaceto-2- 014290-23-4 
37.192 2.44 Octanoic acid, 1-methyltridecyl ester 055193-79-8 
50.965 2.05 Hexadecanoic acid, 2-(acetyloxy)-1-
[(acetyloxy)methyl] ethyl ester 
055268-69-4 
41.054 2.00 Decanoic acid, 2-hydroxy-1-(hydroxymethyl) 
ethyl ester 
003376-48-5 
 
The following tables (5.8 – 5.10) show the range of alkanes and the aromatics detected by 
the GC MS in three randomly chosen samples obtained from the tars dissolved in acetone after 
having been treated by the catalyst. 
Table 5.8 shows the range of alkanes and major aromatics detected in a tar sample taken 
after having been treated by the catalyst from the Albemarle Temperature run 1. 
Table 5.8: Range of Alkanes and 10 most abundant aromatics (~65% by area, combined) 
detected in an F2 OUT sample (Albemarle Temperature Run 1) by GS/MS library search 
SAMPLE: F2 OUT (Albemarle Temperature Run 1) 
ALKANES DETECTED: nC15-nC27 
AROMATICS: 
RT Area% ID CAS# 
44.737 13.01 Hexadecanoic acid, 2,3-bis(acetyloxy)propyl 
ester 
055268-70-7 
26.536 10.98 D-Allose 002595-97-3 
27.483 9.85 Pentanoic Acid, ethyl ester, alpha, -D-
glucopyranoside, methyl, tetraacetate 
000539-82-2 
44.616 7.07 Hexadecnoic acid, 2,3-bis(acetyloxy)propyl 
ester 
055268-70-7 
43.637 6.20 Phenanthrene, 1-methyl-7-(1-methylethyl) - 000483-65-8 
37.841 3.95 Pentadecanoic acid, 14-methyl-, methyl ester 
Hexadecanoic acid, methyl ester 
005129-60-2 
000112-39-0 
47.969 3.95 Myristin, 2,3-diaceto-1- 014473-55-3 
29.328 3.48 Acetic acid, pentyl ester 1-Undecanamine 000628-63-7 
29.926 3.45 cis-3a-Methyl 1,2,3, 4a, 6, 7, 7a-
hexahydroindene 
Ethanone, 1-(4-hydroxyphenyl)- 
083846-16-6 
000099-93-4 
30.346 3.31 Propionic acid, thio-, S-heptyl ester 002432-45-3 
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Table 5.9 shows similar results and is obtained from the Dolomite Temperature Run 1 tar 
sample. 
Table 5.9: Range of Alkanes and 10 most abundant aromatics (~82% by area, combined) 
detected in an F2 OUT sample (Dolomite Temperature Run 1) by GS/MS library search 
SAMPLE: F2 OUT (Dolomite Temperature Run 1) 
ALKANES DETECTED: nC15-nC30 
AROMATICS: 
RT Area% ID CAS# 
15.548 25.30 2, 2, 6, 6-Tetramethyl-4-piperidone 
4-Piperidone, 2, 2, 6, 6-tetramethyl 
010581-38-1 
000826-36-8 
42.981 12.04 Hexadecanoic acid, 1, 1-dimethylethyl ester 
Hexadecanoic acid, butyl ester 
031158-91-5 
000111-06-8 
44.731 9.21 Dodecanoic acid, 2, 3-dihydroxypropyl ester 000142-18-7 
46.429 8.63 Octadecanoic acid, butyl ester 000123-95-5 
14.149 7.78 1H-1, 2, 4-Triazol-5-amine, 1-propyl 
4H-1, 2, 4-Triazol-5-amine, 4-propyl 
058661-96-4 
058661-97-5 
44.610 4.85 Hexadecanoic acid, 2, 3-bis(acetyloxy) propyl 
ester 
055268-70-7 
40.392 4.05 Phenanthrene, 3, 6-dimethyl- 
9, 10-Dimethylanthracene 
001576-67-6 
000781-43-1 
37.847 3.71 Phenanthrene, 2-methyl- 
Phenanthrene, 1-methyl- 
002531-84-2 
000832-69-6 
34.437 3.45 Phenanthrene 
Anthracene 
000085-01-8 
000120-12-7 
17.062 3.44 4-Piperidinone, 2, 2, 6, 6-tetramethyl- 000826-36-8 
The Table 5.10 shows the alkanes and major aromatics detected in an “F2 OUT” tar 
sample from Dolomite Temperature Run 2. 
Table 5.10: Range of Alkanes and 10 most abundant aromatics (~99% by area, combined) 
detected in an F2 OUT sample (Dolomite Temperature Run 1) by GS/MS library search 
SAMPLE: F2 OUT (Dolomite Temperature Run 2) 
ALKANES DETECTED: nC15-nC30 
AROMATICS: 
RT Area% ID CAS# 
42.988 26.83 Hexadecanoic acid, butyl ester 000111-06-8 
46.442 20.60 Octadecanoic acid, butyl ester 000123-95-5 
44.737 18.67 Dodecanoic acid, 2-hydroxy-1-(hydroxymethyl) 
ethyl ester 
001678-45-1 
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(Table 5.10 contd.) 
15.510 10.32 2, 2, 6, 6, Tetramethyl-4-piperidone 
4-Piperidinone, 2, 2, 6, 6-tetramethyl- 
010581-38-1 
000826-36-8 
44.616 8.73 Hexadecanoic acid, 2, 3-bis(acetyloxy)propyl 
ester 
055268-70-7 
47.969 4.85 Myristine, 2, 3-diaceto-1- 014473-55-3 
26.536 2.60 Butylated Hydroxytoluene 000128-37-0 
41.174 2.40 Decanoic acid, 2-(acetyloxy)-1-[ (acetyloxy) 
methyl] ethyl ester 
055124-86-2 
47.861 2.20 Myristine, 1, 3-diaceto-2- 014290-23-4 
50.959 1.56 Hexadecanoic acid, 2, 3-bis(acetyloxy) propyl 
ester 
055268-70-7 
 
The range of alkanes detected by the GC in these tar samples were very similar (nC15 – 
nC30). This range was also similar to the one detected in the sample of pure tar (nC15 – nC27). 
There were also multiple common aromatic species detected across the samples e.g. 
Hexadecanoic acid, Dodecanoic acid and Phenenthrene. However the percentage abundance of 
each varied widely between samples. 
From the GC MS studies, given the wide variety of species detected in various 
abundances, it was difficult to explain the changes in the composition of the tar as it passed 
through the various parts of the setup. Additionally it was observed that the range of alkanes 
detected in the tars is similar (nC15 – nC30) across the experimental setup. If the analytes detected 
at the same point in the experimental setup are combined, many of the aromatic species detected 
in the samples were analogous across the different points in the setup. However as previously 
stated their percentage abundances varied widely between samples. Their relative concentrations 
may not have been the same, however the presence of a wide variety of tar molecules across the 
experimental setup would indicate that the tars being treated had numerous different alkanes and 
poly aromatic hydrocarbon species in them. This is an essential property of the tars produced 
through gasification. It can be concluded from these experiments that the gas being treated by the 
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catalyst bed had a wide variety of complex hydrocarbon species that were of higher order than 
benzene which is the universal definition for tars as agreed by in a EU/IEA/US-DOE meeting 
held in 1998 on tar measurement protocols in Brussels. Hence it can be considered to be an 
accurate representation of tars in general. 
5.8 SEM Analysis of Pre and Post Run Catalyst Particles 
The Scanning Electron Microscope (SEM) scans of the catalysts showed significant 
morphological differences before and after the catalytic process. It can be seen from the figures 
5.14 and 5.15 on the next page, the Albemarle catalyst underwent morphological changes. At 
1000x magnification pores and cracks were seen on the surface of the post run catalyst sample 
(Figure 5.15). However, the surface of the pre-run catalyst appeared to be fairly smooth and 
continuous in comparison (Figure 5.14).  
 
Figure 5.14: Albemarle Catalyst Pre Run SEM 
image 
 
Figure 5.15: Albemarle Catalyst Post Run SEM 
image
Since the catalysts were treated to high temperatures, the formation of such cracks and 
pores could have been due to various effects of thermal degradation and sintering. Bartholomew 
(2001) stated that thermally induced deactivation of catalysts resulted from (i) loss of catalytic 
surface area due to crystallite growth of the catalytic phase, (ii) loss of support area due to 
support collapse and of catalytic surface area due to pore collapse on crystallites of the active 
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phase, and/or (iii) chemical transformations of catalytic phases to non-catalytic phases. Some or 
all of the aforementioned phenomena might have occurred on the Albemarle catalyst surface. 
The catalytic process appeared to have caused major physical changes on the surface of 
the dolomite catalyst. It seemed the catalytic process had caused the breakdown of the crystalline 
structure of the catalyst surface. At 1000x magnification the surface structures were prominent 
and well defined in the pre-run dolomite catalyst (Figure 5.16). The structures seemed to have 
broken into smaller crystalline particles in the post-run sample (Figure 5.17). Some crevices also 
seem to have formed due to the process. This breakdown of the surface morphology of the 
catalyst might have been due to sintering and it could be responsible for the deactivation of the 
catalyst according to Bartholomew (2001), Yamaguchi and co-workers (1986) and other 
researchers. 
 
Figure 5.16: Dolomite Catalyst Pre Run SEM 
image 
 
Figure 5.17: Dolomite Catalyst Post Run SEM 
image
The comparison of the olivine catalyst pre and post run samples also showed significant 
differences in the surface morphology. At x1000 magnification the pre run surface looked 
unbroken and free of cracks and holes (Figure 5.18) with no other visible surface structures. The 
post run surface at the same magnification appeared to have cracks, holes and pores (Figure 
5.19).  
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Figure 5.18: Olivine Catalyst Pre Run SEM 
image 
 
Figure 5.19: Olivine Catalyst Post Run SEM 
image 
There were some filamentous structures visible on the surface of the post run Olivine 
catalyst (Figure 5.19). These may have been more stable formations of filamentous carbon 
(coke) species. Han and co-workers (2004) had observed filamentous structures and pits on 
nickel rich alloys treated to carbon rich environments (syngas) at 650 ºC. According to Han and 
co-workers these filamentous structures were carbon growths. Zhang and co-workers (2006) had 
also observed similar structures when steam reforming tar compounds on Ni/olivine catalyst. 
Aiello and co-workers (2000) while studying the cracking of methane over Ni/SiO2 observed 
filamentous carbon growths and reported that formation of these structures resulted in catalyst 
deactivation. 
Though the silica particles were not catalytic the particle appeared to have undergone 
visible changes to surface structures possibly due to the extreme temperatures the experiment 
exposed it to. The surface of the silica particle looked relatively smooth at x1000 magnification 
before the run (Figure 5.20). The surface was covered by holes and pores and small filamentous 
forms in the post run silica particle (Figure 5.21). The formation of pores and holes could have 
been due to loss of the mechanical structure of the catalyst due to the process of catalysis. The 
small filamentous forms could be depositions of filamentous carbon similar to the ones observed 
by Aiello and co-workers (2000). 
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Figure 5.20: Silica Pre Run SEM image 
 
Figure 5.21: Silica Post Run SEM image
Though there seems to be significant changes in the surface morphology of the catalysts 
due to the catalytic process, the detailed analysis of the SEM imagery to infer about the extent 
and the nature of these changes was considered to be beyond the scope of this study. 
5.9 EDS Analysis of Pre and Post Run Catalyst Particles 
The data collected from the EDAX Energy-dispersive X-ray spectroscopy (EDS) general 
microanalysis is tabulated below. The respective graphs for the EDS study can be found in the 
Appendix D. 
The EDS data for the Albemarle catalyst (Table 5.11) showed high concentrations of 
Aluminum by weight both in the pre and post run samples. This was expected since the 
Albemarle catalysts were alumina extrudates in nature. Interestingly the concentration of carbon 
on the surface of the catalyst was higher in the post run sample than the pre-run one. This may be 
attributed to the fact that the catalyst was responsible for cracking the tars into smaller 
hydrocarbons and this resulted in “coking” on the catalyst pores, similar to phenomena reported 
by Zhang and co-workers (2006). The deposition of carbon on the catalyst surface would clog up 
the catalyst‟s pores, eventually leading to catalyst deactivation as reported by Bartholomew 
(2001). The carbon detected in the pre-run Albemarle catalyst sample may have been due to a 
localized carbon based impurity transferred onto the catalyst surface during the analysis. Since 
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the EDS system only targeted a microscopic section of the catalyst surface, focusing on the area 
with the carbon impurity would have shown a large carbon concentration. 
Table 5.11: EDAX EDS Microanalysis report, elements detected in Pre and Post run Albemarle 
Catalyst 
Element Albemarle Catalyst Pre Run Albemarle Catalyst Post Run 
 Wt% At% Wt% At% 
C K 12.50 20.60 17.99 27.73 
O K 30.35 37.54 33.94 39.28 
Al K 55.72 40.86 48.07 32.99 
Si K 01.42 01.00 ------- ------- 
 
The elements detected by the EDAX EDS system on the surface of the Dolomite catalyst 
(Table 5.12) before the run seemed to suggest that there might be Silica contamination on the 
sample surface. Large amounts of Aluminum were also detected. Interestingly the Carbon 
detected on the sample surface seemed to go down in the post run sample from the pre run 
sample. However in absence of more conclusive evidence the reason behind such a phenomena 
cannot be ascertained. 
Table 5.12: EDAX EDS Microanalysis report, elements detected in Pre and Post run Dolomite 
Catalyst 
Element Dolomite Catalyst Pre Run Dolomite Catalyst Post Run 
 Wt% At% Wt% At% 
 C K 36.83 48.53 21.00 36.40 
 O K 37.79 37.39 24.29 31.62 
 MgK 02.97 01.93 03.11 02.66 
 AlK 08.67 05.09 08.88 06.85 
 SiK 11.04 06.22 01.19 00.88 
 MoL 00.98 00.16 ------- ------- 
 CaK 01.72 00.68 41.54 21.58 
 
The analysis of the Olivine sample proved to be very interesting. It seemed to ascertain 
the role of Carbon in the fouling process. Olivine or magnesium iron silicate is a mineral crystal 
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with the chemical formula (Mg,Fe)2SiO4. The results of the EDAX EDS analysis on the Olivine 
crystals before and after the catalysis are listed in Table 5.13. 
Table 5.13: EDAX EDS Microanalysis report, elements detected in Pre and Post run Olivine 
Catalyst 
Element Olivine Catalyst Pre Run Olivine Catalyst Post Run 
 Wt% At% Wt% At% 
 C K 09.94 16.51 25.52 37.79 
 O K 34.37 42.85 29.99 33.35 
 MgK 26.32 21.59 20.59 15.07 
 AlK 05.21 03.85 04.58 03.02 
 SiK 18.61 13.22 14.70 09.31 
 FeK 05.54 01.98 04.61 01.47 
 
Given the molecular formula of Olivine, the low concentrations of Carbon in the pre run 
sample (Table 5.13) were expected as were the high concentrations of Oxygen, Magnesium, Iron 
and Silica. Interestingly a significant increase in the concentration of Carbon can be observed, 
which in this case goes up from around 10% in the pre run sample to over 25% in the post run 
sample. This might have been due to the coking and eventual fowling of the catalyst by the 
accumulation of carbon on the surface and pores of the catalyst. According to Aiello and co-
workers (2000), Bartholomew (2001) and Yamaguchi and co-workers (1986) Carbon deposition 
was seen on catalysts exposed to tars, syngas or other carbon rich environments at high 
temperatures. According to them this deposition of carbon ultimately resulted in the deactivation 
of the catalyst. 
The silica samples were also analyzed for changes in surface composition through the 
EDS system (Table 5.14). Expectedly, the concentrations of Silicon and Oxygen are quite high in 
the pre run sample, given that silica‟s chemical composition is SiO2. However the concentration 
of the carbon does not change by large amounts from the pre-run sample to the post-run sample. 
The exact reasons for this are not known, but it may be associated with the lack of catalytic 
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activity of silica. The silica does not reduce the complex hydrocarbons to coke on the surface of 
the particles. 
Table 5.14: EDAX EDS Microanalysis report, elements detected in Pre and Post run Silica 
sample 
Element Silica Pre Run Silica Post Run 
 Wt% At% Wt% At% 
 C K 14.44 22.69 17.81 26.42 
 O K 38.82 45.78 44.47 49.53 
 AlK 04.56 03.19 04.02 02.65 
 SiK 42.18 28.34 33.71 21.39 
 
The EDS studies revealed some interesting possibilities as far as the physical 
manifestations of the catalytic process on the catalyst surface are concerned. More detailed EDS 
and other characterization analyses were beyond the scope of this research. However, they may 
offer valuable insight into the process of fouling of the catalyst and especially the role of carbon 
in it.  
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CHAPTER 6:  CONCLUSION 
6.1 Summary of Results 
Catalytic tar removal can be an effective method for post treatment of syngas produced 
from biomass gasification processes. It can yield clean syngas that is ready to use in internal 
combustion engines, turbines or other machinery and is environment friendly at the same time.  
The primary goal of this research was to identify a catalyst suitable for downdraft 
biomass gasifiers, including an LSU AgCenter Downdraft gasifier (US Pat # 7,942,943). Three 
(3) separate catalysts and a control were put through a series of experiments totaling to more than 
sixty (60) experimental runs. The experiments were designed to test the tar cracking efficiencies 
of the 3 catalysts as a function of, retention time, and repeated use. Both dolomite and olivine 
emerged as potential catalysts suitable for the above purpose. The peak tar cracking efficiencies 
for both catalysts was 90% or above at 800 ºC, meaning 90% of tars (by weight) passing through 
the catalyst bed were removed by the catalyst.  
The dolomite catalyst performed remarkably well during this study. It is very effective at 
removing approximately 80% or more of tars at temperature over 600 ºC, and 95% of all tars at 
800 ºC. Its performance is not affected as adversely as the other catalysts by increases in flow-
rate. The Olivine catalyst also performed quite well and its tar removal efficiencies were around 
90% at 800 ºC. However the performance of the Olivine catalyst dropped as the process 
temperature was lowered. 
The catalysts caused major drops in the tar concentration. If used in the AgCenter gasifier, 
these catalysts should bring down the concentrations of tar in the output to levels well below the 
100 mg/Nm
3
 required for use in internal combustion engines. This research is also a testament to 
the effectiveness of this setup at screening tars. The SEM and EDS analyses helped observe the 
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morphological changes that the catalytic process brought about on the catalyst. These may be 
responsible for the deactivation of the catalysts. 
6.2 Suggestions and Opportunities for Future Research 
One of the apparent shortcomings of the experimental setup was the loss of a percentage 
of the tar being vaporized in the first furnace before the catalyst can treat it. Recommendations 
for future research include identifying the sources of loss in the setup and reducing or 
eliminating them. The times required to heat up and cool down the catalyst chamber to and from 
experimental temperatures were considerably long. Building a new setup of the same design, but 
with custom fitted heating apparatus would help reduce the heating and cooling times and allow 
researchers to conduct more experiments in shorter periods of time. It would be of considerable 
use if more experiments could be conducted on the catalysts so as to have triplicate results for all 
experimental conditions. Another suggestion would be to develop a continuous flow setup, 
which allows samples to be collected every few minutes instead of once at the end of the run. 
Such a setup would help researchers comment better on the activity of the catalyst and how 
catalyst life reduces with continued use. Furthermore, the testing of more catalysts could give us 
more options in choosing the right catalyst. The removal of the spent catalyst and reloading of 
the new catalyst was a complicated process and a recurring part of the experimental process. It 
would also be useful if the catalyst chamber assembly could be redesigned so as to make this 
step easier. 
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APPENDIX A: DETAILED EXPERIMENTAL RESULTS 
The following appendices enlist the data collected from the experiments. The F1 furnace 
temperature for experiments was set at 700 
0
C. The Flow Rate is measured in SCFH .  All tar and 
holder weights are measured in grams. Tar Vaporized (Tv) and Tar Corrected (Tc) are calculated 
according to the following.  
Tar Vaporized (Tv) = Tar + Holder F1(out) – [Wt. Tar F1(in) + Wt. Holder F1(in)] 
Tar Corrected (Tc) = (Tv x 0.25) 
The calculation of Ecracking with and without correction factor (CF) has been discussed previously. 
A.1 CATALYST/RUN: ALBEMARLE CATALYST/TEMPERATURE RUN 1 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 300 1.5 1.0216 45.4563 
 
Tar+Holder F1 
(out) (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.767 0.7109 0.177725 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking (with CF)  
(%) 
0.0834 88.26839218 53.07356872 
 
 
A.2 CATALYST/RUN: ALBEMARLE CATALYST/TEMPERATURE RUN 2 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in)  
(g) 
Holder F1 (in)  
(g) 
2 1 350 1.5 1.014 45.4451 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8251 0.634 0.1585 
 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF) (%) 
ECracking (with CF)  
(%) 
0.0516 91.86119874 67.44479495 
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A.3 CATALYST/RUN: ALBEMARLE CATALYST/TEMPERATURE RUN 3 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in)  
(g) 
Holder F1 (in)  
(g) 
3 1 400 1.5 1.0153 45.4845 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8734 0.6264 0.1566 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.05 92.01787995 68.0715198 
 
 
A.4 CATALYST/RUN: ALBEMARLE CATALYST/TEMPERATURE RUN 4 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 1 450 1.5 1.0854 45.4892 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.9045 0.6701 0.167525 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0584 91.28488285 65.13953141 
 
 
A.5 CATALYST/RUN: ALBEMARLE CATALYST/TEMPERATURE RUN 5 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 1 500 1.5 1.0132 45.491 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8914 0.6128 0.1532 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0791 87.09203655 48.36814621 
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A.6 CATALYST/RUN: ALBEMARLE CATALYST/RETENTION TIME RUN 1 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 400 1.5 1.0616 45.486 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7636 0.784 0.196 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0518 93.39285714 73.57142857 
 
 
A.7 CATALYST/RUN: ALBEMARLE CATALYST/RETENTION TIME RUN 2 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 2 400 1.5 1.062 45.4929 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7421 0.8128 0.2032 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0591 92.72883858 70.91535433 
 
 
A.8 CATALYST/RUN: ALBEMARLE CATALYST/ RETENTION TIME RUN 3 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 3 400 1.5 1.0641 45.4784 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7024 0.8401 0.210025 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0596 92.90560648 71.6224259 
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A.9 CATALYST/RUN: ALBEMARLE CATALYST/ RETENTION TIME RUN 4 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 4 400 1.5 1.062 45.4929 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7573 0.7976 0.1994 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.1071 86.57221665 46.2888666 
 
 
A.10 CATALYST/RUN: ALBEMARLE CATALYST/ RETENTION TIME RUN 5 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 5 400 1.5 1.0537 45.4832 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7978 0.7391 0.184775 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.1596 78.40616967 13.62467866 
 
 
A.11 CATALYST/RUN: ALBEMARLE CATALYST/LIFE RUN 1 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 400 1.5 1.0192 45.4902 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7166 0.7928 0.1982 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.056 92.93642785 71.7457114 
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A.12 CATALYST/RUN: ALBEMARLE CATALYST/ LIFE RUN 2 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 1 400 1.5 1.0067 45.4893 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7591 0.7369 0.184225 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0656 91.09784231 64.39136925 
 
 
A.13 CATALYST/RUN: ALBEMARLE CATALYST/ LIFE RUN 3 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 1 400 1.5 1.0115 45.504 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7606 0.7549 0.188725 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0463 93.86673732 75.46694926 
 
 
A.14 CATALYST/RUN: ALBEMARLE CATALYST/ LIFE RUN 4 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 1 400 1.5 1.0424 45.5056 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.759 0.789 0.19725 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0625 92.07858048 68.31432193 
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A.15 CATALYST/RUN: ALBEMARLE CATALYST/ LIFE RUN 5 
 
Albemarle 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 1 400 1.5 1.0686 45.5156 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7985 0.7857 0.196425 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0658 91.62530228 66.50120911 
 
 
A.16 CATALYST/RUN: DOLOMITE CATALYST/ TEMPERATURE RUN 1 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 400 1.5 1.0144 45.5103 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8464 0.6783 0.169575 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0898 86.7610202 47.04408079 
 
A.17 CATALYST/RUN: DOLOMITE CATALYST/ TEMPERATURE RUN 2 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 1 500 1.5 1.0344 45.5301 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8795 0.685 0.17125 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0515 92.48175182 69.9270073 
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A.18 CATALYST/RUN: DOLOMITE CATALYST/ TEMPERATURE RUN 3 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 1 600 1.5 1.0611 45.5047 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8694 0.6964 0.1741 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0312 95.5198162 82.07926479 
 
 
A.19 CATALYST/RUN: DOLOMITE CATALYST/ TEMPERATURE RUN 4 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 1 700 1.5 1.0047 45.511 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7976 0.7181 0.179525 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.021 97.07561621 88.30246484 
 
A.20 CATALYST/RUN: DOLOMITE CATALYST/ TEMPERATURE RUN 5 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 1 800 1.5 1.1209 45.5129 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.9016 0.7322 0.18305 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0092 98.7435127 94.97405081 
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A.21 CATALYST/RUN: DOLOMITE CATALYST/ RETENTION TIME RUN 1 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 800 1.5 1.0106 45.5272 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7986 0.7392 0.1848 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0191 97.41612554 89.66450216 
 
 
A.22 CATALYST/RUN: DOLOMITE CATALYST/ RETENTION TIME RUN 2 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 2 800 1.5 1.0085 45.5424 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8046 0.7463 0.186575 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0202 97.29331368 89.17325472 
 
A.23 CATALYST/RUN: DOLOMITE CATALYST/ RETENTION TIME RUN 3 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 3 800 1.5 1.0224 45.5242 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7847 0.7619 0.190475 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0215 97.17810736 88.71242945 
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A.24 CATALYST/RUN: DOLOMITE CATALYST/ RETENTION TIME RUN 4 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 4 800 1.5 1.0437 45.5221 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8006 0.7652 0.1913 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0226 97.04652378 88.18609514 
 
 
A.25 CATALYST/RUN: DOLOMITE CATALYST/ RETENTION TIME RUN 5 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 5 800 1.5 1.0698 45.5123 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8145 0.7676 0.1919 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0418 94.55445545 78.21782178 
 
 
A.26 CATALYST/RUN: DOLOMITE CATALYST/ LIFE RUN 1 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 800 1.5 1.0106 45.5272 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7986 0.7392 0.1848 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0152 97.94372294 91.77489177 
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A.27 CATALYST/RUN: DOLOMITE CATALYST/ LIFE RUN 2 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 1 800 1.5 1.0085 45.5424 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8046 0.7463 0.186575 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0377 94.94841217 79.79364867 
 
 
A.28 CATALYST/RUN: DOLOMITE CATALYST/ LIFE RUN 3 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 1 800 1.5 1.0224 45.5242 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7847 0.7619 0.190475 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.04 94.74996719 78.99986875 
 
 
A.29 CATALYST/RUN: DOLOMITE CATALYST/ LIFE RUN 4 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 1 800 1.5 1.0437 45.5221 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8006 0.7652 0.1913 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.041 94.64192368 78.56769472 
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A.30 CATALYST/RUN: DOLOMITE CATALYST/ LIFE RUN 5 
 
Dolomite 
Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 1 800 1.5 1.0698 45.5123 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8145 0.7676 0.1919 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0409 94.67170401 78.68681605 
 
A.31 CATALYST/RUN: OLIVINE CATALYST/ TEMPERATURE RUN 1 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 400 1.5 1.0542 45.4792 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7951 0.7383 0.184575 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.1091 85.22280916 40.89123662 
A.32 CATALYST/RUN: OLIVINE CATALYST/ TEMPERATURE RUN 2 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 1 500 1.5 1.0251 45.4851 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.726 0.7842 0.19605 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.1101 85.96021423 43.84085692 
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A.33 CATALYST/RUN: OLIVINE CATALYST/ TEMPERATURE RUN 3 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 1 600 1.5 1.1228 45.481 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8065 0.7973 0.199325 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.106 86.70512981 46.82051925 
 
 
A.34 CATALYST/RUN: OLIVINE CATALYST/ TEMPERATURE RUN 4 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 1 700 1.5 1.0346 45.4841 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7865 0.7322 0.18305 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.055 92.48839115 69.9535646 
 
A.35 CATALYST/RUN: OLIVINE CATALYST/ TEMPERATURE RUN 5 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 1 800 1.5 1.0109 45.4775 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.6968 0.7916 0.1979 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0184 97.67559373 90.70237494 
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A.36 CATALYST/RUN: OLIVINE CATALYST/ RETENTION TIME RUN 1 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 800 1.5 1.0323 45.4852 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7933 0.7242 0.18105 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0148 97.95636564 91.82546258 
 
 
A.37 CATALYST/RUN: OLIVINE CATALYST/ RETENTION TIME RUN 2 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 2 800 1.5 1.005 45.5021 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8208 0.6863 0.171575 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0225 96.72155034 86.88620137 
 
A.38 CATALYST/RUN: OLIVINE CATALYST/ RETENTION TIME RUN 3 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 3 800 1.5 1.0449 45.5103 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7844 0.7708 0.1927 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0235 96.95121951 87.80487805 
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A.39 CATALYST/RUN: OLIVINE CATALYST/ RETENTION TIME RUN 4 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 4 800 1.5 1.0072 45.5279 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.7332 0.8019 0.200475 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.033 95.88477366 83.53909465 
 
 
A.40 CATALYST/RUN: OLIVINE CATALYST/ RETENTION TIME RUN 5 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 5 800 1.5 1.0152 45.5381 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8545 0.6988 0.1747 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0381 94.54779622 78.19118489 
 
A.41 CATALYST/RUN: OLIVINE CATALYST/ LIFE RUN 1 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 800 1.5 1.0185 45.5442 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8724 0.6903 0.172575 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0275 96.01622483 84.06489932 
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A.42 CATALYST/RUN: OLIVINE CATALYST/ LIFE RUN 2 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 1 800 1.5 1.0139 45.5409 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8698 0.685 0.17125 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0339 95.05109489 80.20437956 
 
 
A.43 CATALYST/RUN: OLIVINE CATALYST/ LIFE RUN 3 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 1 800 1.5 1.0072 45.5188 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8236 0.7024 0.1756 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0301 95.71469248 82.85876993 
 
A.44 CATALYST/RUN: OLIVINE CATALYST/ LIFE RUN 4 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 1 800 1.5 1.012 45.554 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.879 0.687 0.17175 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0328 95.22561863 80.90247453 
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A.45 CATALYST/RUN: OLIVINE CATALYST/ LIFE RUN 5 
 
Olivine Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 1 800 1.5 1.0176 45.4972 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.802 0.7128 0.1782 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0354 95.03367003 80.13468013 
 
 
A.46 CATALYST/RUN: SILICA/ TEMPERATURE RUN 1 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 400 1.5 1.0221 45.5211 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8796 0.6636 0.1659 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.149 77.54671489 10.18685955 
 
A.47 CATALYST/RUN: SILICA/ TEMPERATURE RUN 2 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 1 500 1.5 1.0097 45.4345 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8602 0.584 0.146 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.1017 82.58561644 30.34246575 
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A.48 CATALYST/RUN: SILICA/ TEMPERATURE RUN 3 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 1 600 1.5 1.0068 45.4692 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8564 0.6196 0.1549 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.09 85.47449968 41.89799871 
 
 
A.49 CATALYST/RUN: SILICA/ TEMPERATURE RUN 4 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 1 700 1.5 1.0126 45.4709 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8596 0.6239 0.155975 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0594 90.47924347 61.91697387 
 
A.50 CATALYST/RUN: SILICA/ TEMPERATURE RUN 5 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 1 800 1.5 1.0197 45.5445 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8614 0.7028 0.1757 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0553 92.1314741 68.52589641 
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A.51 CATALYST/RUN: SILICA/ RETENTION TIME RUN 1 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 800 1.5 1.0109 45.5343 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8616 0.6836 0.1709 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0479 92.99297835 71.9719134 
 
 
A.52 CATALYST/RUN: SILICA/ RETENTION TIME RUN 2 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 2 800 1.5 1.0161 45.5739 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8671 0.7229 0.180725 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0743 89.72195324 58.88781298 
 
A.53 CATALYST/RUN: SILICA/ RETENTION TIME RUN 3 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 3 800 1.5 1.0195 45.4995 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8606 0.6584 0.1646 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0851 87.07472661 48.29890644 
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A.54 CATALYST/RUN: SILICA/ RETENTION TIME RUN 4 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 4 800 1.5 1.0205 45.5106 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.869 0.6621 0.165525 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.1142 82.75185017 31.00740069 
 
 
A.55 CATALYST/RUN: SILICA/ RETENTION TIME RUN 5 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 5 800 1.5 1.0183 45.4871 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8504 0.655 0.16375 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.1397 78.67175573 14.6870229 
 
A.56 CATALYST/RUN: SILICA/ LIFE RUN 1 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
1 1 800 1.5 1.0194 45.4894 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8597 0.6491 0.162275 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0656 89.89369897 59.57479587 
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A.57 CATALYST/RUN: SILICA/ LIFE RUN 2 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
2 1 800 1.5 1.0229 45.4943 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8538 0.6634 0.16585 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0654 90.1416943 60.56677721 
 
 
A.58 CATALYST/RUN: SILICA/ LIFE RUN 3 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
3 1 800 1.5 1.0218 45.4895 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8694 0.6419 0.160475 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0613 90.45022589 61.80090357 
 
A.59 CATALYST/RUN: SILICA/ LIFE RUN 4 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
4 1 800 1.5 1.0198 45.5242 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8541 0.6899 0.172475 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0713 89.66516887 58.66067546 
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A.60 CATALYST/RUN: SILICA/ LIFE RUN 5 
 
Silica Run# 
Flow 
Rate 
Temp. 
(C) 
Duration 
(hr.) 
Tar F1 (in) 
(g) 
Holder F1 (in) 
(g) 
5 1 800 1.5 1.0177 45.5209 
 
Tar+Holder F1 
(out)  (g) 
Tar Vaporized 
(Tv) (g) 
Tar Corrected 
(Tc) (g) 
45.8503 0.6883 0.172075 
 
Tar dissolved in 
Acetone  (g) 
ECracking (without 
CF  (%) 
ECracking(with CF)  
(%) 
0.0727 89.43774517 57.75098068 
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APPENDIX B: DETAILED GC MS DATA 
The following section contains the GC MS graphs and the scanned images of the library 
match outputs generated. The methods and processes have been discussed previously. 
B.1 SAMPLE ID: PURE TAR 
 
 
1 0 . 0 0 1 5 . 0 0 2 0 . 0 0 2 5 . 0 0 3 0 . 0 0 3 5 . 0 0 4 0 . 0 0 4 5 . 0 0 5 0 . 0 0 5 5 . 0 0
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
4 0 0 0 0
5 0 0 0 0
6 0 0 0 0
7 0 0 0 0
8 0 0 0 0
9 0 0 0 0
1 0 0 0 0 0
1 1 0 0 0 0
1 2 0 0 0 0
1 3 0 0 0 0
1 4 0 0 0 0
1 5 0 0 0 0
1 6 0 0 0 0
1 7 0 0 0 0
1 8 0 0 0 0
1 9 0 0 0 0
T im e -->
A b u n d a n c e
T I C :  M U 1 1 2 7 1 F . D \ d a ta . m s
1 4 . 4 9 0
1 6 . 6 4 8
1 6 . 7 7 0
1 7 . 2 5 5
1 7 . 9 0 4
1 8 . 3 5 2
1 8 . 6 1 0
1 8 . 7 9 8
1 8 . 9 2 4
1 9 . 2 1 4
1 9 . 3 3 0
2 0 . 3 3 2
2 1 . 0 8 0
2 1 . 2 7 5
2 1 . 3 9 9
2 2 . 0 3 8
2 2 . 4 6 02 3 . 6 1 0
2 4 . 1 3 8
2 5 . 9 4 0
2 6 . 7 0 2
2 7 . 1 3 62 7 . 3 5 7
2 8 . 8 1 3
3 3 . 4 0 6
3 4 . 4 3 9
3 7 . 8 5 0
4 1 . 4 2 1
4 3 . 6 3 2
4 9 . 6 1 2
8 .0 0 9 .0 0 1 0 .0 0 1 1 .0 0 1 2 .0 0 1 3 .0 0 1 4 .0 0 1 5 .0 0 1 6 .0 0 1 7 .0 0 1 8 .0 0 1 9 .0 0 2 0 .0 0
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
4 0 0 0 0
5 0 0 0 0
6 0 0 0 0
7 0 0 0 0
8 0 0 0 0
9 0 0 0 0
1 0 0 0 0 0
1 1 0 0 0 0
1 2 0 0 0 0
1 3 0 0 0 0
1 4 0 0 0 0
1 5 0 0 0 0
1 6 0 0 0 0
T im e -->
A b u n d a n c e
T IC : M U 1 1 2 7 1 F.D \ d a ta .m s
1 4 .4 9 0
1 6 .6 4 8
1 6 .7 7 0
1 7 .2 5 5
1 7 .9 0 4
1 8 .3 5 2
1 8 .6 1 0
1 8 .7 9 8
1 8 .9 2 4
1 9 .2 1 4
1 9 .3 3 0
2 0 .3 3 2
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2 0 . 0 0 2 1 . 0 0 2 2 . 0 0 2 3 . 0 0 2 4 . 0 0 2 5 . 0 0 2 6 . 0 0 2 7 . 0 0 2 8 . 0 0 2 9 . 0 0 3 0 . 0 0 3 1 . 0 0
5 0 0 0
1 0 0 0 0
1 5 0 0 0
2 0 0 0 0
2 5 0 0 0
3 0 0 0 0
3 5 0 0 0
4 0 0 0 0
4 5 0 0 0
5 0 0 0 0
5 5 0 0 0
6 0 0 0 0
6 5 0 0 0
7 0 0 0 0
7 5 0 0 0
8 0 0 0 0
8 5 0 0 0
9 0 0 0 0
9 5 0 0 0
T im e -->
A b u n d a n c e
T I C :  M U 1 1 2 7 1 F . D \ d a t a . m s
2 0 . 3 3 2
2 1 . 0 8 0
2 1 . 2 7 5
2 1 . 3 9 9
2 2 . 0 3 8
2 2 . 4 6 0
2 3 . 6 1 0
2 4 . 1 3 8
2 5 . 9 4 0
2 6 . 7 0 2
2 7 . 1 3 62 7 . 3 5 7
2 8 . 8 1 3
3 0 . 0 0 3 2 . 0 0 3 4 . 0 0 3 6 . 0 0 3 8 . 0 0 4 0 . 0 0 4 2 . 0 0 4 4 . 0 0 4 6 . 0 0 4 8 . 0 0 5 0 . 0 0 5 2 . 0 0
5 0 0 0
1 0 0 0 0
1 5 0 0 0
2 0 0 0 0
2 5 0 0 0
3 0 0 0 0
3 5 0 0 0
4 0 0 0 0
4 5 0 0 0
5 0 0 0 0
5 5 0 0 0
6 0 0 0 0
6 5 0 0 0
7 0 0 0 0
7 5 0 0 0
8 0 0 0 0
8 5 0 0 0
9 0 0 0 0
T im e -->
A b u n d a n c e
T I C :  M U 1 1 2 7 1 F .D \ d a t a . m s
2 8 . 8 1 3
3 3 . 4 0 6
3 4 . 4 3 9
3 7 . 8 5 0
4 1 . 4 2 1
4 3 . 6 3 2
4 9 . 6 1 2
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 103 
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B.2 SAMPLE ID: F2 OUT, ALBEMARLE TEMPERATURE 1 
 
 
 
 
 
1 8 . 0 0 2 0 . 0 0 2 2 . 0 0 2 4 . 0 0 2 6 . 0 0 2 8 . 0 0 3 0 . 0 0 3 2 . 0 0 3 4 . 0 0 3 6 . 0 0 3 8 . 0 0 4 0 . 0 0
5 0 0 0 0
1 0 0 0 0 0
1 5 0 0 0 0
2 0 0 0 0 0
2 5 0 0 0 0
3 0 0 0 0 0
3 5 0 0 0 0
4 0 0 0 0 0
4 5 0 0 0 0
5 0 0 0 0 0
5 5 0 0 0 0
6 0 0 0 0 0
6 5 0 0 0 0
7 0 0 0 0 0
7 5 0 0 0 0
T im e -->
A b u n d a n c e
T I C :  M U 1 1 2 7 1 H . D \ d a t a . m s
2 1 . 6 2 7
2 4 . 9 2 4
2 6 . 0 9 6
2 6 . 5 3 3
2 7 . 4 8 3
2 9 . 3 3 0
3 0 . 3 4 7
3 0 . 9 4 6
3 2 . 9 0 3
3 7 . 1 8 4
3 7 . 8 3 9
3 8 . 6 4 2
4 1 . 1 7 1
4 1 . 3 8 9
4 1 . 8 8 0
4 2 . 5 7 3
4 4 . 0 0 4 6 . 0 0 4 8 . 0 0 5 0 . 0 0 5 2 . 0 0 5 4 . 0 0 5 6 . 0 0 5 8 . 0 0 6 0 . 0 0
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 0 0 0 0 0
8 0 0 0 0 0
9 0 0 0 0 0
1 0 0 0 0 0 0
1 1 0 0 0 0 0
1 2 0 0 0 0 0
1 3 0 0 0 0 0
1 4 0 0 0 0 0
1 5 0 0 0 0 0
T i m e - - >
A b u n d a n c e
T I C :  M U 1 1 2 7 1 H . D \ d a t a . m s
4 2 . 5 7 3
4 2 . 9 7 1
4 3 . 6 3 7
4 4 . 6 1 9
4 4 . 7 3 8
4 6 . 4 2 5
4 7 . 8 6 3
4 7 . 9 6 7
4 9 . 6 2 1
5 0 . 8 6 7
5 0 . 9 6 0
5 3 . 7 4 7
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B.3 SAMPLE ID: F2 OUT, DOLOMITE TEMPERATURE 1 
 
 
 
 
10 .00 15 .00 20 .00 25 .00 30 .00 35 .00 40 .00 45 .00 50 .00 55 .00
200000
400000
600000
800000
10 00000
12 00000
14 00000
16 00000
18 00000
20 00000
22 00000
24 00000
T ime -->
A bu ndanc e
T IC: M U 11 271J.D \ da ta .ms
14 .148
15 .547
17 .060
34 .435
36 .822
37 .18237 .302
37 .84540 .389
41 .17041 .698
42 .979
43 .634
44 .612
44 .729
46 .427
47 .959
12 .00 14 .00 16 .00 18 .00 20 .00 22 .00 24 .00 26 .00 28 .00 30 .00 32 .00 34 .00 36 .00
200000
400000
600000
800000
1000000
1200000
1400000
1600000
1800000
2000000
2200000
2400000
T ime-->
Abundanc e
T IC: M U 11271J.D \ da ta .ms
14 .148
15 .547
17 .060
34 .435
36 .822
37 .18237 .302
37 .845
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3 8 . 0 0 4 0 . 0 0 4 2 . 0 0 4 4 . 0 0 4 6 . 0 0 4 8 . 0 0 5 0 . 0 0 5 2 . 0 0 5 4 . 0 0 5 6 . 0 0 5 8 . 0 0 6 0 . 0 0
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 0 0 0 0 0
8 0 0 0 0 0
9 0 0 0 0 0
1 0 0 0 0 0 0
1 1 0 0 0 0 0
1 2 0 0 0 0 0
1 3 0 0 0 0 0
1 4 0 0 0 0 0
T im e -->
A b u n d a n c e
T I C :  M U 1 1 2 7 1 J . D \ d a t a . m s
3 7 . 8 4 5 4 0 . 3 8 9
4 1 . 1 7 04 1 . 6 9 8
4 2 . 9 7 9
4 3 . 6 3 4
4 4 . 6 1 2
4 4 . 7 2 9
4 6 . 4 2 7
4 7 . 9 5 9
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B.4 SAMPLE ID: F2 OUT, DOLOMITE TEMPERATURE 2 
 
 
 
 
10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00
200000
400000
600000
800000
1000000
1200000
1400000
1600000
1800000
Time-->
Abundance
TIC: MU11271E.D\ data.ms
14.155
15.513
26.535 41.174
42.990
44.618
44.738
46.439
47.861
47.966
50.962
1 0 .0 0 1 5 .0 0 2 0 .0 0 2 5 .0 0 3 0 .0 0 3 5 .0 0
5 0 0 0 0
1 0 0 0 0 0
1 5 0 0 0 0
2 0 0 0 0 0
2 5 0 0 0 0
3 0 0 0 0 0
3 5 0 0 0 0
4 0 0 0 0 0
4 5 0 0 0 0
5 0 0 0 0 0
5 5 0 0 0 0
6 0 0 0 0 0
6 5 0 0 0 0
7 0 0 0 0 0
7 5 0 0 0 0
8 0 0 0 0 0
8 5 0 0 0 0
T im e -->
A b u n d a n c e
T IC :  M U 1 1 2 7 1 E .D \ d a ta .m s
1 4 .1 5 5
1 5 .5 1 3
2 6 .5 3 5
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4 0 .0 0 4 2 .0 0 4 4 .0 0 4 6 .0 0 4 8 .0 0 5 0 .0 0 5 2 .0 0 5 4 .0 0 5 6 .0 0 5 8 .0 0 6 0 .0 0
2 0 0 0 0 0
4 0 0 0 0 0
6 0 0 0 0 0
8 0 0 0 0 0
1 0 0 0 0 0 0
1 2 0 0 0 0 0
1 4 0 0 0 0 0
1 6 0 0 0 0 0
1 8 0 0 0 0 0
T ime -->
A b u n d a n c e
T IC: M U 1 1 2 7 1 E .D \ d a ta .ms
4 1 .1 7 4
4 2 .9 9 0
4 4 .6 1 8
4 4 .7 3 8
4 6 .4 3 9
4 7 .8 6 1
4 7 .9 6 6
5 0 .9 6 2
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B.5 SAMPLE ID: F2 IN, 1
st
 JUSTIFICATION EXPERIMENT SAMPLE # 5 
 
 
 
 
1 0 . 0 0 1 5 . 0 0 2 0 . 0 0 2 5 . 0 0 3 0 . 0 0 3 5 . 0 0 4 0 . 0 0 4 5 . 0 0 5 0 . 0 0 5 5 . 0 0
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 0 0 0 0 0
8 0 0 0 0 0
9 0 0 0 0 0
1 0 0 0 0 0 0
1 1 0 0 0 0 0
1 2 0 0 0 0 0
1 3 0 0 0 0 0
1 4 0 0 0 0 0
1 5 0 0 0 0 0
T im e -->
A b u n d a n c e
T I C :  M U 1 1 2 7 1 G . D \ d a t a . m s
2 5 . 9 4 2
2 7 . 3 2 9
3 0 . 2 6 7
3 7 . 0 4 1
3 7 . 1 8 4
4 0 . 3 8 9
4 1 . 0 4 6
4 1 . 1 7 0
4 1 . 4 0 7
4 2 . 4 5 3
4 2 . 9 7 0
4 3 . 4 1 9
4 3 . 6 3 2
4 3 . 9 2 74 . 0 4 94 4 . 4 0 9
4 4 . 6 1 7
4 4 . 7 3 7
4 5 . 3 5 04 5 . 6 9 6
4 5 . 8 1 1
4 6 . 4 2 2
4 7 . 8 5 7
4 7 . 9 6 1
4 9 . 0 0 4
4 9 . 6 1 5
5 0 . 9 5 5
5 3 . 7 4 3
2 4 .0 0 2 6 .0 0 2 8 .0 0 3 0 .0 0 3 2 .0 0 3 4 .0 0 3 6 .0 0 3 8 .0 0 4 0 .0 0
2 0 0 0 0
4 0 0 0 0
6 0 0 0 0
8 0 0 0 0
1 0 0 0 0 0
1 2 0 0 0 0
1 4 0 0 0 0
1 6 0 0 0 0
1 8 0 0 0 0
2 0 0 0 0 0
2 2 0 0 0 0
2 4 0 0 0 0
2 6 0 0 0 0
2 8 0 0 0 0
3 0 0 0 0 0
T im e -->
A b u n d a n c e
T IC :  M U 1 1 2 7 1 G . D \ d a t a . m s
2 5 .9 4 2
2 7 .3 2 9
3 0 .2 6 7
3 7 .0 4 1
3 7 .1 8 4
4 0 .3 8 9
4 1 .0 4 6
4 1 .1 7 0
4 1 .4 0 7
4 2 .4 5 3
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4 4 . 0 0 4 6 . 0 0 4 8 . 0 0 5 0 . 0 0 5 2 . 0 0 5 4 . 0 0 5 6 . 0 0 5 8 . 0 0 6 0 . 0 0
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 0 0 0 0 0
8 0 0 0 0 0
9 0 0 0 0 0
1 0 0 0 0 0 0
1 1 0 0 0 0 0
1 2 0 0 0 0 0
1 3 0 0 0 0 0
1 4 0 0 0 0 0
1 5 0 0 0 0 0
T i m e - - >
A b u n d a n c e
T I C :  M U 1 1 2 7 1 G . D \ d a t a . m s
4 2 . 9 7 0
4 3 . 4 1 9
4 3 . 6 3 2
4 3 . 9 2 74 4 . 0 4 94 4 . 4 0 9
4 4 . 6 1 7
4 4 . 7 3 7
4 5 . 3 5 0
4 5 . 6 9 6
4 5 . 8 1 1
4 6 . 4 2 2
4 7 . 8 5 7
4 7 . 9 6 1
4 9 . 0 0 4
4 9 . 6 1 5
5 0 . 9 5 5
5 3 . 7 4 3
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B.6 SAMPLE ID: F2 IN, 1
st
 JUSTIFICATION EXPERIMENT SAMPLE # 9 
 
 
 
 
10 .00 15 .00 20 .00 25 .00 30 .00 35 .00 40 .00 45 .00 50 .00 55 .00
200000
400000
600000
800000
10 00000
12 00000
14 00000
16 00000
18 00000
20 00000
22 00000
24 00000
T ime -->
A bu ndanc e
T IC: M U 11271 I.D \ da ta .ms
32 .320
34 .442
37 .19737 .310
37 .858
38 .660
38 .87139 .573
40 .411
40 .686
40 .850
4 .190
41 .440
41 .714
42 .481
43 .008
43 .678
44 .635
44 .754
46 .455
47 .877
47 .982
48 .27 6
49 .64153 .03553 .763
54 .125
54 .505
54 .770
55 .332
56 .283
3 2 . 0 0 3 4 . 0 0 3 6 . 0 0 3 8 . 0 0 4 0 . 0 0 4 2 . 0 0 4 4 . 0 0 4 6 . 0 0 4 8 . 0 0
2 0 0 0 0 0
4 0 0 0 0 0
6 0 0 0 0 0
8 0 0 0 0 0
1 0 0 0 0 0 0
1 2 0 0 0 0 0
1 4 0 0 0 0 0
1 6 0 0 0 0 0
1 8 0 0 0 0 0
2 0 0 0 0 0 0
2 2 0 0 0 0 0
2 4 0 0 0 0 0
T im e - ->
A b u n d a n c e
T I C :  M U 1 1 2 7 1 I . D \ d a t a . m s
3 2 . 3 2 0
3 4 . 4 4 2
3 7 . 1 9 73 7 . 3 1 0
3 7 . 8 5 8
3 8 . 6 6 0
3 8 . 8 7 13 9 . 5 7 3
4 0 . 4 1 1
4 0 . 6 8 6
4 0 . 8 5 0
4 1 . 1 9 0
4 1 . 4 4 0
4 1 . 7 1 4
4 2 . 4 8 1
4 3 . 0 0 8
4 3 . 6 7 8
4 4 . 6 3 5
4 4 . 7 5 4
4 6 . 4 5 5
4 7 . 8 7 7
4 7 . 9 8 2
4 8 . 2 7 6
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4 8 .0 0 4 9 .0 0 5 0 .0 0 5 1 .0 0 5 2 .0 0 5 3 .0 0 5 4 .0 0 5 5 .0 0 5 6 .0 0 5 7 .0 0 5 8 .0 0 5 9 .0 0 6 0 .0 0
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 0 0 0 0 0
8 0 0 0 0 0
9 0 0 0 0 0
1 0 0 0 0 0 0
1 1 0 0 0 0 0
1 2 0 0 0 0 0
1 3 0 0 0 0 0
1 4 0 0 0 0 0
1 5 0 0 0 0 0
T im e -->
A b u n d a n c e
T IC :  M U 1 1 2 7 1 I .D \ d a ta .m s
4 7 .8 7 7
4 7 .9 8 2
4 8 .2 7 6
4 9 .6 4 1
5 3 .0 3 5
5 3 .7 6 3
5 4 .1 2 5
5 4 .5 0 5
5 4 .7 7 0
5 5 .3 3 2
5 6 .2 8 3
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B.7 SAMPLE ID: F2 IN, 1
st
 JUSTIFICATION EXPERIMENT SAMPLE #9 
 
 
 
1 0 . 0 0 1 5 . 0 0 2 0 . 0 0 2 5 . 0 0 3 0 . 0 0 3 5 . 0 0 4 0 . 0 0 4 5 . 0 0 5 0 . 0 0 5 5 . 0 0
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 0 0 0 0 0
8 0 0 0 0 0
9 0 0 0 0 0
1 0 0 0 0 0 0
1 1 0 0 0 0 0
1 2 0 0 0 0 0
1 3 0 0 0 0 0
1 4 0 0 0 0 0
1 5 0 0 0 0 0
1 6 0 0 0 0 0
T im e -->
A b u n d a n c e
T I C :  M U 1 1 2 7 1 D . D \ d a t a . m s
2 1 . 6 2 8 2 6 . 0 9 5
2 6 . 5 3 5
3 1 . 5 0 2
3 7 . 0 4 8
3 7 . 1 9 1 4 1 . 0 5 1
4 1 . 1 7 5
4 2 . 9 7 5
4 3 . 6 3 5
4 4 . 6 1 8
4 4 . 7 3 9
4 6 . 4 2 8
4 7 . 0 3 7
4 7 . 8 6 4
4 7 . 9 6 6
4 8 . 2 8 85 0 . 8 7 1
5 0 . 9 6 3
5 3 . 7 5 2
1 0 . 0 0 1 5 . 0 0 2 0 . 0 0 2 5 . 0 0 3 0 . 0 0 3 5 . 0 0
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
4 0 0 0 0
5 0 0 0 0
6 0 0 0 0
7 0 0 0 0
8 0 0 0 0
9 0 0 0 0
1 0 0 0 0 0
1 1 0 0 0 0
1 2 0 0 0 0
1 3 0 0 0 0
1 4 0 0 0 0
T im e - - >
A b u n d a n c e
T I C :  M U 1 1 2 7 1 D . D \ d a t a . m s
2 1 . 6 2 8
2 6 . 0 9 5
2 6 . 5 3 5
3 1 . 5 0 2
3 7 . 0 4 8
3 7 . 1 9 1
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4 0 . 0 0 4 2 . 0 0 4 4 . 0 0 4 6 . 0 0 4 8 . 0 0 5 0 . 0 0 5 2 . 0 0 5 4 . 0 0
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 0 0 0 0 0
8 0 0 0 0 0
9 0 0 0 0 0
1 0 0 0 0 0 0
1 1 0 0 0 0 0
1 2 0 0 0 0 0
1 3 0 0 0 0 0
1 4 0 0 0 0 0
1 5 0 0 0 0 0
1 6 0 0 0 0 0
T i m e - - >
A b u n d a n c e
T I C :  M U 1 1 2 7 1 D . D \ d a t a . m s
4 1 . 0 5 1
4 1 . 1 7 5
4 2 . 9 7 5
4 3 . 6 3 5
4 4 . 6 1 8
4 4 . 7 3 9
4 6 . 4 2 8
4 7 . 0 3 7
4 7 . 8 6 4
4 7 . 9 6 6
4 8 . 2 8 8
5 0 . 8 7 1
5 0 . 9 6 3
5 3 . 7 5 2
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APPENDIX C: SEM IMAGERY 
The following section of the appendices contains higher quality examples of the SEM 
images used in this study. 
C.1 ALBEMARLE CATALYST PRE RUN 
 
 
C.2 ALBEMARLE CATALYST POST RUN 
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C.3 DOLOMITE CATALYST PRE RUN 
 
 
C.4 DOLOMITE CATALYST POST RUN 
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C.5 OLIVINE CATALYST PRE RUN 
 
 
C.6 OLIVINE CATALYST POST RUN 
 
 
 
 
 
 
 
 
 136 
 
 
C.7 SILICA PRE RUN 
 
 
C.8 SILICA POST RUN 
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APPENDIX D: EDAX EDS MICROANALYSIS REPORTS 
The following section contains the EDAX EDS Microanalysis reports for each catalyst 
before and after an experimental run had been conducted using them. 
D.1 ALBEMARLE CATALYST PRE RUN 
 
 
 
Element  Wt %  At % 
 C K 12.50 20.60 
 O K 30.35 37.54 
 AlK 55.72 40.86 
 SiK 01.42 01.00 
 
  
KV:15.00   TILT: 0.00   TAKE-OFF:36.64   AMPT:25.6  DETECTOR 
TYPE :SUTW-SAPPHIRE   RESOLUTION :134.45 
 EDAX ZAF QUANTIFICATION   STANDARDLESS  SEC 
TABLE : DEFAULT 
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D.2 ALBEMARLE CATALYST POST RUN 
 
 
 
Element  Wt %  At % 
 C K 17.99 27.73 
 O K 33.94 39.28 
 AlK 48.07 32.99 
  
KV:15.00   TILT: 0.00   TAKE-OFF:36.64   AMPT:25.6  DETECTOR 
TYPE :SUTW-SAPPHIRE   RESOLUTION :134.45 
 EDAX ZAF QUANTIFICATION   STANDARDLESS  SEC 
TABLE : DEFAULT 
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D.3 DOLOMITE CATALYST PRE RUN 
 
 
Element  Wt %  At % 
 C K 36.83 48.53 
 O K 37.79 37.39 
 MgK 02.97 01.93 
 AlK 08.67 05.09 
 SiK 11.04 06.22 
 MoL 00.98 00.16 
 CaK 01.72 00.68 
 
  
KV:15.00   TILT: 0.00   TAKE-OFF:36.64   AMPT:25.6  DETECTOR 
TYPE :SUTW-SAPPHIRE   RESOLUTION :134.45 
 EDAX ZAF QUANTIFICATION   STANDARDLESS  SEC 
TABLE : DEFAULT 
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D.4 DOLOMITE CATALYST POST RUN 
 
 
Element  Wt %  At % 
 C K 21.00 36.40 
 O K 24.29 31.62 
 MgK 03.11 02.66 
 AlK 08.88 06.85 
 SiK 01.19 00.88 
 CaK 41.54 21.58 
 
  
KV:15.00   TILT: 0.00   TAKE-OFF:36.64   AMPT:25.6  DETECTOR 
TYPE :SUTW-SAPPHIRE   RESOLUTION :134.45 
 EDAX ZAF QUANTIFICATION   STANDARDLESS  SEC 
TABLE : DEFAULT 
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D.5 OLIVINE CATALYST PRE RUN 
 
 
Element  Wt %  At % 
 C K 09.94 16.51 
 O K 34.37 42.85 
 MgK 26.32 21.59 
 AlK 05.21 03.85 
 SiK 18.61 13.22 
 FeK 05.54 01.98 
 
KV:15.00   TILT: 0.00   TAKE-OFF:36.64   AMPT:25.6  DETECTOR 
TYPE :SUTW-SAPPHIRE   RESOLUTION :134.45 
 EDAX ZAF QUANTIFICATION   STANDARDLESS  SEC 
TABLE : DEFAULT 
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D.6 OLIVINE CATALYST POST RUN 
 
 
Element  Wt %  At % 
 C K 25.52 37.79 
 O K 29.99 33.35 
 MgK 20.59 15.07 
 AlK 04.58 03.02 
 SiK 14.70 09.31 
 FeK 04.61 01.47 
 
  
KV:15.00   TILT: 0.00   TAKE-OFF:36.64   AMPT:25.6  DETECTOR 
TYPE :SUTW-SAPPHIRE   RESOLUTION :134.45 
 EDAX ZAF QUANTIFICATION   STANDARDLESS  SEC 
TABLE : DEFAULT 
 143 
 
D.7 SILICA PRE RUN 
 
 
Element  Wt %  At % 
 C K 17.81 26.42 
 O K 44.47 49.53 
 AlK 04.02 02.65 
 SiK 33.71 21.39 
 
KV:15.00   TILT: 0.00   TAKE-OFF:36.64   AMPT:25.6  DETECTOR 
TYPE :SUTW-SAPPHIRE   RESOLUTION :134.45 
 EDAX ZAF QUANTIFICATION   STANDARDLESS  SEC 
TABLE : DEFAULT 
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D.8 SILICA POST RUN 
 
 
Element  Wt %  At % 
 C K 14.44 22.69 
 O K 38.82 45.78 
 AlK 04.56 03.19 
 SiK 42.18 28.34 
  
KV:15.00   TILT: 0.00   TAKE-OFF:36.64   AMPT:25.6  DETECTOR 
TYPE :SUTW-SAPPHIRE   RESOLUTION :134.45 
 EDAX ZAF QUANTIFICATION   STANDARDLESS  SEC 
TABLE : DEFAULT 
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